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Abstract
Preferential oxidation (PROX) of CO in excess H2 gas using heterogeneous catalysts 
such as Au/TiO2 and CuO/CeO2 is one of key techniques to purify H2 gas for the use of fuel 
cells. Heterogeneous catalysis depends on exposed crystal faces, however papers determining 
structure of reaction sites on catalysis is limited.
In this study, first Cu ions were adsorbed on ZnO photocatalysts with characteristic 
morphologies such as disk, rod, and spheroid which exposed specific crystal faces to 
imporove photocatalytic activity, and CO PROX performance of as-prepared Cu–ZnO was 
tested. Characteristic mechanism of CO PROX using photocatalyst was investigated.
By utilizing ZnO growing anisotropically, three parameters which were critical to 
photo-PROX, were confirmed: ?diffusion length to surface of electrons and holes 
generated by irradiation, ?stability of formate species by adsorption of CO over each crystal 
faces on ZnO, ?position of Cu sites which was reduction sites for O2. The most active 
photocatalyst in CO PROX was Cu–spheroidal ZnO, and the reaction sites was confirmed as 
the periphery of boundary between ZnO(      ) where unstable formate species was formed 
and oxidized by hole and ZnO(     ) where the Cu sites were formed and O2 was 
photoreduced on the Cu sites.
Next, it is well known that interaction at interface between metal and support is 
important for catalysis, however papers determining structure of the interface is limitted. In 
theis study, a new class of metal-organic framework (MOF) composed of Ti cluster, 
terephthalate linker, and Cu linker: Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 was synthesized, and 
interface of CuO/TiO2 catalyst was modeled. The as-synthesized catalyst was highly active in 
CO PROX reaction (k = 0.117 min1@323 K), and its conversion of CO and selectivity (76%
and 99%, respectively) were significantly superior to those for conventional PROX catalyst 
(CuO/CeO2; 28% and 96%, respectively).
As the results, the structures of reaction sites for CO (photo-)PROX reactions were 
determined.
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Chapter 1. Backgrounds
1.1. Fuel cells
Hydrogen gas only forms H2O wiyhout byproducts undesirable to environment such 
as CO2, NOx and SOx by combustion, therefore hydrogen is regarded as clean energy source 
for next period. The technologies of production, storage and transportation for hydrogen gas 
are the key to develope hydrogen society [1]. The device to convert chemical energy of 
hydrogen to electricity is kwown as fuel cells with high conversion (83%) [2]. The electricity 
can be generated using the fuel cells by supplying O2 gas in atmosphere to a cathode in the 
fuel cells and by supplying fuels like hydrogen and methanol to anode in the fuel cells. The 
fuel cells are classified to several types based on used electlyte (Table 1.1) [2]. Among them, 
polymer electrolyte fuel cells (PEFC) are available for common households and cars because 
they work relatively low operative temperature, and they are compact. The mechanism of 
PEFC is described in Figure 1.1. Pt catalyst on carbon electorode is used for both of the 
anode and the cathode. H2 gas fed to anode dissociates on the Pt catalyst, thereby protons and 
electorons are formed. The protons move to cathode via polymer electrolyte while the 
electrons generated pass through the external circuit as current. On the cathode, the protons 
and the electrons react with O2 gas fed to the cathode, and water is formed. The theoretical 
voltage of the PEFC is 1.23 V. 
Figure 1.1. Mechanism of PEFC. 
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Table 1.1. The types of fuel cells and their performances.
Phosphoric acid
fuel cell
(PAFC)
Molten 
carbonate fuel 
cell
(MCFC)
Polymer 
electrolyte fuel 
cell
(PEFC)
Solid oxide fuel 
cell
(SOFC)
Electrolyte Phosphoric acid
solution
Molten carbonate
Polymer 
electrolyte
Ceramic 
electrolyte
Fuel
Reformed LPG
Reformed natural 
gas
LPG
Natural gas
Pure H2
Methanol
Reformed natural 
gas
LPG
Natural gas
Operative 
temperature
423–470 K 923–973 K r.t.–373 K 973–1273 K
Efficiency 35–45% 45–60% 30–40% 45–65%
  
8 
1.2. Purification technology for hydrogen gas
The hydrogen gas for PEFC is obtained via steam reforming of methane in natural 
gas and subsequent water gas shift reaction (Scheme 1.1) [3]. Eventually, fossil fuel is used 
and CO2 gas is emitted, however the efficiency of PEFC is higher than that of power 
stations. Moreover, hydrogen is able to be obtained from water using solar energy in the
future. The obtained hydrogen gas via steam reforming and water gas shift reaction include
1% of CO as byproduct. CO gas deactivates Pt catalyst used in PEFC system, therefore 
removal of CO in H2 up to 10 ppm is needed for use of PEFC [4]. The several methods to 
remove CO in H2, e.g. pressure swing adsorption [5], separation using metal membranes 
like Pd [6], cryogenic separation [6], and PROX of CO in H2 gas [7-10] were investigated 
and used for pufifiacation of H2. Among them, CO PROX is appropriate for PEFC, i. e. for 
personal use because PROX system is compact and relatively low investment costs. In CO 
PROX reaction in H2 gas, CO molecules are oxidized by O2 using catalysts (eq. 1.1). 
Oxidation of H2 to H2O is a undesirable side reaction and needed to be reduced (eq. 1.2).
2CO + O2  2CO2 ???eq. 1.1
2H2 + O2  2H2O ???eq. 1.2
Scheme 1.1. Conventional procedure to produce H2 from natural gas.
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1.3. Noble metal catalysts used in CO PROX reaction
In CO PROX system, catalysts are necessary to oxidize CO into CO2 at arbitary 
temperature. The major catalysts for CO oxidation and CO PROX in H2 gas were noble
metals such as Au [7–10, 14, 22], Pt [10, 11, 14], Ru [12–14] and the other metals such as Mn, 
Co, Cu, Ag, and Ir [14] on supports and metal oxides such as CuO/CeO2 [15–20] and Co3O4
[21]. The performance of catalysts for CO PROX was generally evaluated using reaction rate
of CO, CO conversion, and PROX selectivity. The definitions of CO conversion (eq. 1.3) and 
PROX selectivity (eq. 1.4) are as follows:
CO conversion: = 100 × ([CO]  [CO].)/[CO].???eq. 1.3
PROX selectivity: = 100 × ([CO] + [HO])/[CO.] ???eq. 1.4
The performances of catalysts reported in PROX reaction conditions are listed in Table 2. 
Especially, highly dispersed Au nanoparticles of 2–8 nm in diameter on TiO2 support or the 
other appropriate metal oxide supports, show higher activity even at lower temperature for 
CO oxidation [22]. The proposed PROX mechanism where CO adsorbs on metal 
nanoparticles (e.g. Au on TiO2) and reacts with O2 at the boundary between metal 
nanoparticles and the support [22–24]. The reason why highly dispersed Au nanoparticles on
TiO2 are good for CO oxidation was studied by observing intermediates of CO oxidation over 
Au/TiO2 using in-situ FTIR under reaction condition and by calculating how CO and O2
molecules react at the boundry between Au nanoparticles and underlaying TiO2 surface via a 
reaction route minimizing the energy based on density functional theory (DFT) [22]. The 
proposed mechanism of CO oxidation over Au/TiO2 is as followed: CO molecule adsorbed 
on TiO2 diffuses to periphery of Au particle and TiO2 at 110–130 K. The activated O2
molecule at periphery of Au particle and TiO2 dissociates and combines with diffused CO 
from TiO2 surface, thereby CO2 is formed. The rate-determining step at 110–130 K is the 
diffusion of CO on TiO2 surface toward the periphery (the activation barrier, 25 kJ mol-1), on 
the other hand diffusion of CO over Au surface (the activation barrier, 48 kJ mol-1) is also 
critical at higher temperature than 110–130 K (Scheme 1.2A).
1.4. Non-noble metal catalysts used in CO PROX reaction
Except for noble metal catalysts, CuO/CeO2 catalysts are highly active in CO PROX 
and well investigated due to their high performance and the practical point of view [25]. The 
catalytic performances of CuO/CeO2 are listed in Tables 1.2. The kinetic studies revealed that 
CO oxidation proceeded on CuO/CeO2 via Mars van-Krevelen model, where CO molecule 
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adsorbed on CuO (eq. 1.5) reacted with O atom at CeO2 surface (= [O] in eq. 1.6 and 1.7) at
boundary between CuO and CeO2, thereby CO2 and O vacancy site on CeO2 (= [ ] in eq. 1.6
and 1.7) are formed (eq. 1.6). Finally, O2 molecule fulfills O vacancy formed on CeO2 and 
recovers O site (eq. 1.7) [15]. The reducibility of Cu2+ to Cu+ and Ce4+ to Ce3+ is considered 
to be essential for CO PROX using CuO/CeO2 catalysts (Scheme 1.2B) [15–17, 26].
CO + Cu(surf.)  Cu(surf.) –CO ???eq. 1.5
Cu(surf.)-CO + [O]  Cu(surf.) + CO2+ [ ] ???eq. 1.6
O2 + 2[ ]  2[O] ???eq. 1.7
The influence of redusibility of CuO/CeO2 and crystalline structure of CeO2 on CO 
PROX was investigated using temperature programmed reduction (TPR), diffuse refrectance 
infrared Fourier transform (DRIFT) spectroscopy, and XANES spectroscopy [27, 28].
The most stable face over CeO2 crystalline is non-polar {111} face, which is 
preferably exposed on CeO2. Crystallines mainly composed of {111} are nanopolyhedral or 
nanosphere (NS), whereas {110} and {001} which are mainly exposed on nanorod structure 
(NR) are polar surface and have higher energy. The CO oxidation activity of CuO/CeO2-NR 
was apparently higher than that of CuO/CeO2-NS [29]. Nanocube (NC) CeO2 which 
preferably exposed {001} face also used as support for CuO in CO PROX and compared to 
CeO2-NR and CeO2-NS [19, 30]. The CO conversion of CuO/CeO2-NR was similar to that of
CuO/CeO2-NS while that of CuO/CeO2-NC was lower below 423 K. Nevertheless, the 
window of CO conversion above 99% was much wider using CuO/CeO2-NC than using 
CuO/CeO2-NR and CuO/CeO2-NS. The CO2 selectivity of CuO/CeO2-NC was also higher. 
As the result, CuO/CeO2-NC was superior to CuO/CeO2-NR and CuO/CeO2-NS in the 
practical point of view. TPR analyses and DRIFT measurements revealed reducibility of CuO 
played important roles in CO oxidation and H2 oxidation process. The results showed that
Cu+–CO sites near CuO-CeO2 boundry considered as the active sites for CO oxidation were 
well measured over CuO/CeO2-NC, however the CO oxidation activity of CuO/CeO2-NC 
was lower. The amount of Cu+–CO sites was therefore directly related to CO oxidation 
activity. CuO sites reduced far from CeO2 acted as H2 oxidation sites. In case of 
CuO/CeO2-NC, the Cu+–CO derived peak observe in DRIFT spectra was more stable even at 
high temperature above 323 K compared to CeO2-NR and CeO2-NS, indicating complete 
reduction of CuO toward Cu0 and formation of H2 oxidation sites was prevented over 
CeO2-NC. Finally, the dispersion and reducibility of CuO and structural properties of CeO2
were also important to the activity and the selectivity in CO PROX using CuO/CeO2.
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Scheme 1.2. Proposed CO oxidation reaction for Au/TiO2 (A) and CuO/CeO2 (B).
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1.5. Photocatalysis
Photocatlysts act as catalyst by absorbing photoenergy. The major photocatalysts 
well investigated are semiconductors, especially metal oxides such as TiO2 [31–34], Fe2O3
[35], Cu2O [36, 37], ZnO [38–40], WO3 [41], CeO2 [42] and non metal oxides such as ZnS
[43], CdS [44], AgCl [45], AgBr [46], TaON [47], BiOCl [48], BiVO4 [49]. Among them, the 
most famous photocatalyst is TiO2, because TiO2 is higher active in photocatalysis [31], in 
addition non-toxic, low cost and stable in reaction [73]. The first step of photocatalysis using 
semiconductor is absorption of UV-visible light attrinuted to energy gap (Eg) between 
fulfilled valence band and empty conduction band. Usual Eg values of semiconductors are 
1–4 eV corresponding to energy of UV-visible light, e.g. Eg value for TiO2 is 3.0–3.2 eV [32].
When light having energy over Eg is irradiated to semiconductor, electon transition from 
valence band to conduction band occurs, thereby exited electron is formed at conduction 
band and vacancy of electron which behaves as a particle with a plus charge, called hole is 
formed at valence band. The most of exited electrons and holes generated in semiconductor
by light absorption recombine and form thermal energy, however a part of exited electrons 
and holes migrates to the surface of semiconductor and reacts with adsorbates over the 
surface. Therefore, photocatalysis includes reduction step where exited electrons reacted with 
adsorbates and oxidation step where holes reacted with adsorbates (Scheme 1.3).
Using both of reduction and oxidation powers of photocatalysts by irradiation of 
UV-visible light, several reactions were performed, e.g. decomposision of dyes [35, 37–39,
42, 45, 46, 48], water splitting to H2 and/or O2 [34, 43, 44, 49], selective oxidation of 
alcohols [32], decomposition of formic acid [41], formation of H2O2 [40], and reduction of 
CO2 to fuels [36, 47].
Scheme 1.3. Photocatalysis of semiconductors.
  
14 
1.6. Photocatalysts used in CO PROX reaction
Using photocatalysts for hydrogen purification, especially using inexipensive 
photocataltst like TiO2, ZnO, the PROX reaction of CO using catalysts that do not contain 
noble metals and that can be excited under natural light is ideal. Such photo-PROX reactions 
of CO have been reported using an NiO/TiO2 photocatalyst consisting of 0.5 wt% NiO with a 
CO conversion of 89%, defined as the CO decrease ratio at 3 h, and a CO2 selectivity of 98%, 
defined as the CO2 formation divided by the H2 decrease + CO2 formation at 3 h in CO (3.8 
mol) + O2 (7.5 mol) + H2 (24.6 mol) irradiated by UV light [50].
In comparison to semiconductor photocatalysts, a Mo/SiO2 photocatalyst consisting 
of 0.6 wt% Mo with CO conversion of ~100% and CO2 selectivity of 99% in CO (3.8 mol) 
+ O2 (7.5 mol) + H2 (24.6 mol) illuminated by a high-pressure Hg lamp. The Mo-SiO2
photocatalyst reduced CO to less than 10 ppm in H2. Based on the Mo K-edge extended 
X-ray absorption fine structure (EXAFS) curve-fit analysis, predominant monomeric 
tetrahedral (O=)2Mo(–Osurface)2 species was proposed [51]. Therefore, charge separation at 
chemical bond should be responsible for photocatalysis. The charge transfer triplet state at the 
Mo–O bond of [Mo6+=O2], [Mo5+–O]‡ and/or reduced state of Mo4+ both induced by the 
irradiation of UV–visible light were suggested to be responsible for CO PROX.
By the irradiation of visible light ( > 420 nm), similar charge transfer was also 
suggested from [Cr6+=O2] to excited triplet [Cr5+–O]‡ for Cr6+-MCM41 [52]. The reaction 
	
	1 gcat1) was superior to that using Mo-MCM-	1
gcat1) under similar reaction conditions, demonstrating preferential reactivity of [Cr5+–O]‡
species with O2 rather than H2 and supporting better CO PROX performance.
1.7. Effects of crystal molphologies on photocatalysis ?
The surface chemistry of metal oxides plays important roles in many applications, 
especially in catalysis where reactive sites over the surface and interaction between the 
surface and adsorbates have critical effects [53]. To determine the structure of the reactive 
sites, single crystals with specific crystal surface and nanoparticles having ordered structure
are used for catalysts. 
The surface chemistry of TiO2 photocatalysts was well investigated. There are two 
major crystal phases for TiO2, rutile and anatase (Figure 1.2). The difference of photocatalytic 
reactivity between anatase {001} face and {101} face was investigated using octahedral 
anatase crystalline exposing anatase {101} face and decahedral anatase crystalline exposing 
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{001} and {101} faces [33]. The activity of decahedral anatse were higher that that of P25 
which was major commercial TiO2 sample consisting of both of anatase and rutile (8:2) in 
dehydration of methanol, oxidation od acetic acid and decomposition of silver ions, whereas 
octahedral anatse was less active in all of the reactions, nevertheless decahedral anatase had 
lower surface area (octahedral, 40 m2 g–1; decahedral, 9 m2 g–1; P25, 48 m2 g–1). The results 
were explained by defect density and reduction property of O2, however the effects of 
morphology on photocatalysis including charge separation were unclear. Higher activity of 
anatase exposing (001) face was also confirmed in oxidation of alcohol [32].
The surface energies for each crystal faces of anatase were calculated based on 
density fanctional theory [34]. The order of surface energies calculated was as followed:
{111} (1.61 J m–2) > {001} (0.95 J m–2) > {010} (0.57 J m–2) > {101} (0.43 J m–2)
{111} face and {001} face were more unstable and active while {010} face and {101} face 
were more stable. Four Pt/anatase with {111}, {001}, {010} and {101} faces, respectively 
were synthesized and H2 evolution from methanol aqueous solution were carried out using a 
xenon lamp. The order of the H2 evolution rate per 60 mg of catalyst was as follows:
{111} (405 mol h–1) > {010} (81 mol h–1) > {101} (44 mol h–1) > {001} (30 mol h–1)
The highest surface energy of {111} face apparently played important roles in photocatalysis, 
whereas {001} face with the second best surface energy was less active in H2 evolution due 
to lower reduction force attributed to its band structure. 
Figure 1.2. The crystal structure of anatase (left) and rutile (right) 
: Ti (red ball), O (gray ball). 
c-axis 
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1.8. Using metal-organic frameworks for catalysts
Metal-organic frameworks (MOFs) composed of metal ions or metal oxide clusters 
interlinked by organic ligands containing more than two anionic functional groups, e.g., 
terephthalate (1,4-benzene dicarboxylate; bdc), 1,3,5-benzene tricarboxylate (btc), and 
bipyridine [54] called linker (Figure 1.3) are a new class of nanoporous material and paid 
much attention to the applications for gas storage [54], gas separation [55], and catalysis 
[56,57]. From the catalytic point of view, various components including metal ions and 
organic ligands have enabled MOFs to possess catalytic active sites: e.g. alcohol oxidation 
[58], CO oxidation [59], and hydrogenation of olefins [60]. The pore structure of MOFs was 
related to selective catalytic reactions: e.g. selective oxidation of tetralin to -tetralone [61]
and size-selective Friedel–Crafts reaction [62]. Recent catalytic applications of MOFs 
including photocatalysis [70–72] were summarized in Table 1.3.
MOFs have been used as supports of catalysts [63]: e.g. M/MIL101(Cr) in which 
MIL101(Cr) means Cr3F(H2O)2O(O2C-C6H4-CO2)3 and M was Au, Cu, or Pd for 1,3-dipolar 
cycloaddition of benzyl azide to phenylacetetylene, formation of propargylamine, 
Suzuki–Miyaura cross-coupling, and selective oxidation of benzyl alcohol [64], Au/ZIF8 in 
which ZIF8 means Zn(2-methylimidazole)2 for CO oxidation [65], Ni/MOF5 in which MOF5 
means Zn4O(O2C-C6H4-CO2)3 for hydrogenation [66], M/MOF5 in which M was Cu for 
methanol synthesis and Au for CO oxidation, and Pd for cyclooctene hydrogenation [67].The 
supported nanoparticles are normally metallic, but the examples in which metal oxide 
nanoparticles supported in MOFs have been very limited: e.g. phosphotungstic acid (PTA) on 
MIL101 comprising Al [68] and TiO2 on MOF5 [69] (Table 1.3). Especially, it is of great 
importance to design metal oxide nanoclusters in the nanopore of MOF and to elucidate the 
fundamental role of support effects in typical supported catalysts.
Figure 1.3. Estblishment of MOF using organic linkers and metal atoms.
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Chapter 2. Cu ions adsorbed ZnO for CO photo-PROX
2.1. Introduction
To achieve sustainable hydrogen society, the PROX reaction of CO using catalysts 
that do not contain noble metals and that can be excited under natural light is ideal. The CO 
photo-PROX performance using NiO/TiO2 [1], Mo-SiO2 [2], and Cr-MCM41 [3] were 
reported, however, the mechanism of the reaction including the effects of the partial pressures 
of H2 and O2 and the factors that determine the selectivity of the photo-PROX reactions of 
CO are still debatable. Moreover, the photocatalytic effects of morphologies on CO 
photo-PROX are considered as the key to determine characteristic process in photocatalysis i. 
e. CO oxidation and O2 reduction steps over photocatalyst surface.
In this study, ZnO photocatalysts were used for CO photo-PROX. ZnO has similar 
value of Eg to TiO2 (c.a. 3.3 eV) [4], and the nature of ZnO was well investigated for the use 
of sensor [5, 6], photovoltaics [7, 8], electric devices [9, 10], and catalysis [11, 12]. 
Especially, syntheses of ZnO having the specific nanocrystal structure such as sphere [13],
rod [14–17], corn [12], flower [13], disk [14], and wire [17] were reported (Figure 2.1). The 
photocatalytic activity of ZnO with nanostructure was also investigated in several papers 
[13].
Figure 2.1. Anisotropy of ZnO nanoparticles. 
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Among them, photo-PROX reactions were investigated using nanoparticles,
nanorods, nanodisks of ZnO with a narrow size distribution and their molphological effects 
on the PROX reactions of CO were examined. The hypothesis of CO photo-PROX 
mechanism using ZnO is described in Scheme 2.1. To enhance photoactivity of ZnO, Cu ions 
were grafted over synthesized ZnO. The activity of Cu–ZnOs were also tested to reduce 9
700 ppm of CO below 10 ppm under UV–visible light. Influence of H2 partial pressure on 
CO photo-PROX was investigated. 
Scheme 2.1. Hypothesized CO oxidation step and O2 reduction step in CO 
photo-PROX using ZnO. 
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2.2. Experimental
2.2.1. Syntheses of ZnOs
Spheroidal ZnO was synthesized according to a reported procedure [16]. Zn acetate 
dihydrate (11.6 g, 53 mmol; 99%, Wako Pure Chemical) was suspended in ethanol (110 mL).  
A 0.50 M sodium hydroxide ethanol solution (50 mL, 25 mmol; 97%, Kanto Chemical) was 
added to the Zn2+ solution over 20 min and was agitated using ultrasound (85 W, 28 kHz).  
The mixed suspension was refluxed at 353 K for three days. The obtained white precipitate 
was filtered using a polytetrafluoroethane-based membrane filter (Ominipore JGWP04700, 
Millipore) with a pore size of 0.2 m, washed with deionized water, and dried at 333 K for 12 
h.
Rod-like ZnO was synthesized according to a reported procedure [17]. A 0.20 M Zn 
sulfate heptahydrate aqueous solution (30 mL, 6.0 mmol; 99.5%, Kanto Chemical) was added 
to 1.33 M NaOH (90 mL, 120 mmol) over 6 min. The suspension was maintained at 333 K 
for 2 h.  The white precipitate obtained was filtered using Omnipore JGWP04700, washed 
with deionized water, and dried at 333 K for 12 h.
Disk-like ZnO was synthesized via the procedure reported in reference [18]. A 2.0
mmol of zinc nitrate hexahydrate (>99.9%, Wako Pure Chemical), 10 mmol of urea (>99%, 
Wako Pure Chemical), 10 mmol of cetyltrimethylammonium bromide (>98%, Wako Pure 
Chemical), and 5.0 mL of 1-butanol (>99%, Wako Pure Chemical) were dissolved in 50 mL 
of deionized water (<0.06 S cm1). This solution was stirred for 2 h at 290 K and then 
transferred into a Teflon-lined autoclave (TVS-N2-100, Taiatsu Techno; inner volume 100 
mL) and kept at 393 K for 15 h. The solution was then cooled to 290 K, and the obtained 
white powder was filtrated using Omnipore JGWP04700 and washed several times with 
deionized water (total 500 mL) and ethanol (total 300 mL). The powder was calcined at 573 
K for 5 h. The obtained powder was denoted as disk-like ZnO.
Commercial ZnO (FZO-50, ZnO 97.4 wt%) was kindly provided by Ishihara Sangyo 
Co.
2.2.2. Syntheses of Cu–ZnO and Au/TiO2
A 0.40 mM Cu nitrate trihydrate aqueous solution (30 mL; 99.9%, Wako Pure 
Chemical) was added to spheroidal, rod-like, and disk-like ZnO (150 mg), which were
synthesized as described in the previous section, and magnetically stirred at 290 K for 30 min.  
The obtained light blue powder was filtered using Omnipore JGWP04700, washed with 
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deionized water, and dried at 333 K for 8 h. This compound is hereafter denoted as 
Cu–spheroidal ZnO, Cu–rod-like ZnO, Cu–disk-like ZnO, respectively. The Cu content was 
typically 0.5 wt% if all of Cu ions were adsorbed on ZnOs and varied between 0.01 and 3.0
wt% in case of Cu–spheroidal ZnO.
Furthermore, a 0.40 mM Cu(NO3)2·3H2O aqueous solution (30 mL) was mixed with 
spheroidal ZnO (150 mg) and ethanol (1 mL) as a reductant. The suspension was stirred 
using a magnetic stirrer under the illumination of UV–visible light from a xenon arc lamp 
(Model UXL-500D-O, Ushio) set at 300 W for 1 h. The distance between the light exit 
window and the flask was 181 mm. The color of the suspended powder changed from light 
blue to yellow, suggesting the reduction of CuII sites to CuI during illumination. The yellow 
powder obtained was filtered using Omnipore JGWP04700 and treated via the same 
procedure used for Cu–spheroidal ZnO. This compound is hereafter denoted as 
Cu–spheroidal ZnO-reduced.
A reference Au/TiO2 catalyst was prepared via the deposition–precipitation method 
[19,20].  2.5 mM hydrogen tetrachloroaurate(III) tetrahydrate (100 mL; 99%, Wako Pure 
Chemical) was added over 1 h to TiO2 (0.95 g; P25, Degussa; anatase/rutile phase = 8/2,
specific surface area = 60 m2 g1) [21] and was suspended in a minimum amount of deionized 
water. Then, a 25 mM urea solution (100 mL) was added to the suspension over 90 min.  
The mixture was stirred at 353 K for 21 h in the absence of light. The powder obtained was 
filtered using a 1G glass filter (Shibata Scientific Technol.), washed with deionized water 
(total 150 mL), and dried at 353 K for 18 h. The light yellow-green powder obtained was 
calcined in air with an elevation rate of 4 K min1 and was maintained at 573 K for 4 h. The 
Au content in the purple powder finally obtained was 5.0 wt%.
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2.2.3. Characterization
N2-adsorption isotherm measurements were performed at 77 K in the pressure range 
of 1.0–90 kPa in a vacuum system connected to diffusion and rotary pumps (106 Pa) and 
equipped with a capacitance manometer (Models CCMT-1000A and GM-2001, ULVAC).
The Brunauer–Emmett–Teller (BET) surface area (SBET) was calculated using eight-point 
measurements between 10 and 46 kPa (P/P0 = 0.10–0.45) in the adsorption isotherm by 
fitting to BET equation (eq. 2.1). The samples (100–200 mg) were evacuated and the 
temperature was elevated at a rate of 5 K min1 to 393 K and maintained at 393 K for 2 h 
before the measurements.
BET equation: 
	

(	)
 =  


+
()	

???eq. 2.1
, where p’ is the relative pressure in eqibrium, v is the volume of the adsorbed gas, Vm is the 
monolayer adsorbed gas quantity, and c is the constant. 
X-ray diffraction (XRD) data for the sample powders were obtained using a 
MiniFlex diffractometer (Rigaku) at a Bragg angle (B) of 2B = 10–80° with a scan step of 
0.01° and a scan rate of 7 s/step. The measurements were performed at 30 kV and 15 mA 
using Cu K emission and a nickel filter. In some cases, XRD patterns were also observed 
using a D8 ADVANCE diffractometer (Bruker) at a Bragg angle (B) of 2B = 10–60° with a 
scan step of 0.02° and a scan rate of 3 s/step. The measurements were performed at 40 kV 
and 40 mA using Cu K emission and a nickel filter. The sizes of ZnO crystallines were 
evaluated using Scherrer’s equation (eq. 2.2).
Scherrers equation:  =  
.

???eq. 2.2
, where D is the size of the crystalline,  is the wavelength of tha irradiated X-ray, B is the 
full width at half maximum, and B is the Bragg angle.
Scanning electron microscope (SEM) measurements were performed using Hitachi 
Model S-80U. The samples were mounted on a conducting carbon tape. The electron 
accelerating voltage was 3.0 kV and the magnification was between 2 000 and 200 000 times.
In addition, SEM images were observed using JEOL Model JSM-6510A at the Chemical 
Analysis Center, Chiba University. The electron accelerating voltage was in the range of 
15–30 kV and the magnification ranged from 2 000 to 80 000 times. The samples were 
mounted on a conducting carbon tape (JEOL, DTM9101) and coated with gold.
High-resolution transmission electoron microsope (TEM) measurements were 
performed using TEM equipment (JEOL, Model JEM-2010F) with an accelerating voltage of 
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200 kV. Samples were dispersed in ethanol (>99.5%) and mounted on amorphous C-coated 
Cu mesh (CU150 Mesh, JEOL).
Optical spectroscopic measurements were performed using a UV–visible 
spectrophotometer (JASCO, Model V-650). D2 and halogen lamps were used for wavelengths 
below and above 340 nm, respectively, and an integrating sphere (JASCO, Model ISV-469) 
was used for diffuse reflectance measurements. Measurements were performed at 290 K in 
the wavelength range of 200–800 nm using fresh samples (100–200 mg). Diffuse reflectance 
spectra were converted to absorption spectra using the Kubelka-Munk equation (eq. 2.3) [22,
23]. The bandgap value was calculated by the simple extrapolation of the absorption edge or 
by fitting to the equation of Davis and Mott (eq. 2.4) [22, 23]:
Kubelka-Munk equation: () =  
()


???eq. 2.3
, where f(R) is K-M function, and R is the absolute refrectance.
Equation of Davis and Mott:× h  (h Eg)n ???eq. 2.4
, where , h, and  are the absorption coefficient, Planck’s constant, and the wavenumber, 
respectively, and n is 1/2, 3/2, 2, and 3 for allowed direct, forbidden direct, allowed indirect, 
and forbidden indirect transitions, respectively.
2.2.4. Photo-PROX reaction of CO
The photo-PROX reactions of CO were performed in a closed circulating system 
(total volume: 143 mL) using a photoreaction quartz cell [24–26]. The catalyst (typically 50 
mg, varied between 25 and 100 mg) was homogenously spread in the quartz reaction cell 
(bottom flat plate area: 23.8 cm2) connected to the circulation loop and was evacuated (106
Pa) at 290 K for 2 h until the desorbed gas was detected by an online gas chromatograph 
equipped with a thermal conductivity detector (GC-TCD). H2 (0.60–63 kPa, 0.035–3.7
mmol), CO (63 Pa, 3.7 mol), and O2 (76–150 Pa, 4.5–9.0 mol) were introduced. In 
addition, a CO (63 Pa) oxidation test (O2 150 Pa) in the absence of H2 was performed.
The catalyst in the quartz reactor was illuminated for 3–5 h with UV–visible light 
from the 500-W Xe arc lamp (Model UXL-500D-O, Ushio) placed beneath the flat bottom. 
The distance between the bottom of the reactor and the lamp exit was set to 24 mm. The light 
intensity at the wavelength of 555 nm was 42 mW cm2 at the center of the sample cell and 
28 mW cm2 at the periphery of the bottom plate of the sample cell. Note that the intensity 
was measured at 555 nm but the lamp irradiated in the wide spectrum of 200–1100 nm. 
During illumination, the temperature was 305 K at the catalyst position [24]. A sharp cut-off 
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filter L-42 (>420 nm) was placed at the light exit to examine the photo-PROX reactions 
under visible light alone.
The products and reactants were analyzed using two columns of Molecular Sieve 
13X-S and polyethylene glycol (PEG)-6000 supported on Flusin P (GL Sciences) set in the 
online GC-TCD (Shimadzu, Model GC-8A). The changes in CO pressure during the 
photo-PROX reactions could be fit to the following first-order reaction equation (eq. 2.5 and 
2.6):
???eq. 2.5
???eq. 2.6
The changes in the CO pressure data during the photo-PROX reactions were also fit to the 
following 3/2 order reaction (eq. 2.7 and 2.8), but did not fit well for any test data.
???eq. 2.7
???eq. 2.8
Several blank tests were performed, including reaction tests under illumination with 
UV–visible or visible light alone in the absence of photocatalysts and reaction tests using 
Cu–spheroidal ZnO in the absence of reactants or in the absence of any light at 290 K. The 
reactor was in water bath controlled at 327 K in the latter test. For the test in the absence of 
light, the reactor was completely covered with a 20-m-thick aluminum foil.
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Figure 2.2. The closed circulating system used for CO photo-PROX tests. 
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2.3. Results
2.3.1. Nitrogen adsorption, XRD, SEM, TEM, and UV–visible spectra
The SBET value was measured on the basis of the N2 adsorption of ZnO and the 
modified ZnO samples. The SBET values for spheroidal ZnO, rod-like ZnO, disk-like ZnO
were 35 m2 g1, 20 m2 g1, and 75 m2 g1, respectively (Table 2.1a, b, c). The SBET values for 
Cu–spheroidal ZnO, Cu–rod-like ZnO, and Cu–disk-like ZnO changed to 39 m2 g1, 32 m2
g1, and 47 m2 g1, respectively (Table 2.1d, e, f). Under the condition that the average 
particle size of 39–48 nm for the synthesized samples except for disk-like ZnO estimated on 
the basis of the XRD peak width was greater than 21 nm for FZO-50, the SBET values for the 
synthesized ZnO and the doped derivatives (20–39 m2 g1) were consistent with the value of 
50 m2 g1 for commercial FZO-50, in contrast the SBET value for disk-like was greater than 
that for FZO-50 in spite of more fine crystallne due to morphological effects on surface/bulk 
ratio of crystalline (Table 2.1).
The XRD patterns measured for the pristine and modified ZnO samples are depicted 
in Figure. 2.3. All samples exhibited peaks derived from a wurtzite crystal structure [25–27],
and the peaks were assigned as in Figure. 2.2. Peaks due to impurities were not detected in all 
samples. Based on the diffraction angles for the ( ) and (0002) peaks, the lengths a and c
of the unit cell were found to be nearly constant at 0.3249–0.3255 nm and 0.5204–0.5211 nm 
(Table 2.1), respectively, which are similar to the values for the wurtzite ZnO crystal (a =
0.325 nm, c = 0.5207 nm) [27].
Whereas for disk-like ZnO and FZO-50, the intensity ratio of the three peaks in the 
range of 2B = 30–40° was ( ):(0002):( ) = 100:81–93:156–175 (Figure. 2.3d, e), the 
intensity ratio of the spheroidal and rod-like ZnO peaks was 100:115–121:181–189 (Figures. 
2.3a, c). The significantly greater intensity of the (0002) peak for the spheroidal and rod-like 
ZnO suggested preferable crystalline growth along the c-axis direction. For Cu–spheroidal 
ZnO, the intensity ratio of the three peaks was ( ):(0002):( ) = 100:96:192. The 
typical trend of the greater (0002) peak intensity for spheroidal ZnO was suspended when the 
Cu ions were adsorbed probably because of partial dissolution and recrystallization during 
ion exchange (Figure. 2.3b).
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Figure. 2.3. XRD patterns of spheroidal ZnO (a), Cu–spheroidal ZnO (0.5 wt% Cu; b), 
rod-like ZnO (c), disk-like ZnO (d), and commercial ZnO (FZO-50, Ishihara Sangyo; e).
A representative SEM image for spheroidal ZnO is depicted in Figure. 2.4A1. The 
size distribution along the minor axis was narrow and centered at 22 nm (Figure. 2.4A2),
whereas that along the major axis was larger and centered at 47 nm (Table 2.1a), suggesting 
that the growth of ZnO proceeds along the direction of the c-axis. The preferential growth 
along the c-direction was in agreement with the interpretation based on XRD (Figure. 2.3a).
The size distribution along the minor axis in the representative SEM image for 
Cu–spheroidal ZnO (Figure. 2.4B1) was centered at 24 nm, indicating a negligible change 
compared with that for spheroidal ZnO. In contrast, the size distribution along the major axis 
became larger compared with that for spheroidal ZnO and the center decreased to 35 nm 
(Figure. 2.4B2 and Table 2.1d). In addition, the size distribution along the minor axis was 
clearly smaller and centered at 18.4 nm compared with 22–24 nm for spheroidal ZnO and 
Cu–spheroidal ZnO.
A representative SEM image for rod-like ZnO is depicted in Figure. 2.4C1. The 
distribution of the length and diameter is shown in Figure. 2.4C2. The average size of 80 nm 
× 440 nm combined with the observation of the relatively larger (0002) XRD peak (Figure.
2.2c) suggested preferable crystalline growth along the c-direction.
A representative SEM image for disk-like ZnO is depicted in Figure. 2.4D1. The 
distribution of the thickness and diameter of disk-like particles is shown in Figure. 2.4D2.
The average size of 1700 nm × 20 nm combined with the observation of the relatively lower
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(0002) XRD peak (Figure. 2.3d) suggested suppresion of crystalline growth along the 
c-direction. The particle size of disk-like obserbed in SEM was apparently larger than that 
obserbed in XRD patterns (Table 2.1c). Therefore, the particles obserbed in SEM were 
regarded as the assemblies of disk-like crystallnes.
Figure. 2.4. SEM images for spheroidal ZnO (A1), Cu–spheroidal ZnO (B1), rod-like (C1), 
and disk-like ZnO (D1), and the size distribution along the major and minor axes for the 
as-synthesized nanoparticles (A2, B2, C2, and D2).
33 
In the high-resolution TEM images for spheroidal ZnO, hexagonal shapes were 
clearly observed (Figure. 2.5a1, a3) viewed from [0001] direction, in addition to spheroids 
(a1, a3, a5) that were already observed in SEM (Figure. 2.4A1). In the image a4 of Figure 2.4,
the ( ) lattice pattern with a spacing of 0.273 nm was observed in agreement with 
(= 0.281 nm) for the wurtzite crystal structure. Rotated by 30
	 ) lattice pattern, 
the ( ) lattice pattern with a spacing of 0.158 nm was also observed in agreement with 
(= 0.163 nm). The crystal growth direction in ethanol was [0001] direction as observed in 
images a6 and a7 in which the (0002) lattice pattern with a spacing of 0.251 nm was observed 
in agreement with (= 0.2604 nm). In the high-resolution TEM images b5 and b7 of Fig. 3 
for rod-like ZnO, the lattice pattern with a spacing of 0.275–0.276 nm was parallel to the 
major axis of ZnO rods. This is the ( ) lattice pattern viewed from the ( ) direction in 
agreement with (= 0.281 nm).
Figure. 2.5. High-resolution TEM images for spheroidal ZnO (a1–a7) and rod-like ZnO
(b1–b7).
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The UV–visible spectra for the pristine and modified ZnO samples are summarized 
in Figure. 2.6. The absorption edge was extrapolated and the intersection with the x-axis 
(Figure. 2.6, inset) was estimated for each bandgap value (Table 2.1). The bandgap reduced 
in the order of FZO-50 (d, 3.24 eV) > rod-like ZnO (b, 3.21 eV) ~ spheroidal ZnO (a, 3.21 
eV) > disk-like ZnO (c, 3.20 eV) ~ Cu–rod-like ZnO (f, 3.20 eV) > Cu–disk-like ZnO (g, 
3.19 eV) ~ Cu–spheroidal ZnO (e, 3.19 eV) > Cu–spheroidal ZnO-reduced (h, 3.17 eV). The 
foot of the absorption edge was clearly extended to the visible light region for Cu–spheroidal 
ZnO-reduced (Figure. 2.6h). The peaks due to d-d transition of Cu(II) ions were clearly 
observed in the spectra for Cu–ZnO samples with the range of 500–800 nm depicted in 
Figure 2.6B, indicating Cu species existed dispersed over ZnO as atoms with valence II.
For the four ZnO samples, the Davis-Mott equation was fit to the UV–visible 
absorption data with n values between 1/2 and 3 (Table 2.1a, b, c, g). The fitting provided Eg
values of 3.15–3.27 eV with n values between 1/2 and 3/2, similar to those estimated from 
the simple extrapolation of the absorption edge (3.20–3.24 eV).
The nature of electronic transition did not change when Cu2+ was adsorbed on ZnO.  
The Eg values estimated on the basis of the simple extrapolation were 3.19–3.20 eV, similar 
to values given by fitting to the Davis-Mott equation with n values between 1/2 and 3/2 
(Table 2.1d–f).
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2.3.3. Photo-PROX reactions of CO
First, CO photo-PROX reaction tests were performed using synthesized and 
commercial ZnO samples, beginning with the initial pressures of CO (63 Pa), O2 (76 Pa), and 
H2 (6.3 kPa) under UV–visible light for 3–5 h. The rate constant evaluated by equation 2.6 
were in the following order: disk-like ZnO (0.0060 min1) > FZO-50 (0.0044 min1) >
spheroidal ZnO (0.0043 min1) ? rod-like ZnO (0.0001 min1) (Table 2.2A, B, C, J and 
Figure 2.7A, B, C, J). The values were not correlated to each specific surface area (75, 35, 50, 
and 20 m2 g1, respectively; Table 2.1), suggesting that the catalytic reactivity critically 
depended on the exposed crystal face. Selectivity to CO2 was 98–89% for spheroidal ZnO,
disk-like ZnO, and FZO-50, whereas it was quite poor (53%) for rod-like ZnO (Table 2.2A, B, 
C, J).
Next, the synthesized ZnO samples were adsorbed with Cu ions. The photo-PROX
tests of CO using adsorbed catalysts were conducted under the same conditions as for pristine 
ZnO samples. The rate constants for Cu–spheroidal ZnO, Cu–rod-like ZnO, and Cu–disk-like
ZnO (0.5 wt%Cu) increased by a factor of 5.8, 2.8, and 21, respectively, compared with that 
for pristine ZnO samples (Figure 2.7A, B, C, D, H, I and Table 2.2 A, B, C, D1, H, I). 
Moreover, selectivity to CO2 was improved by the addition of Cu2+ to ZnO. Among them, 
Cu–spheroidal ZnO was the most active catalyst in CO photo-PROX and the initial 9 
800-ppm concentration of CO was decreased to 280 ppm following the 3-h photoreaction 
(Figure 2.7D). All the supplied O2 was consumed within 2 h and further removal of CO did 
not proceed. Furthermore, Cu–spheroidal ZnO-reduced was tested under photocatalytic 
reaction conditions. The result was essentially identical to that observed for Cu–spheroidal 
ZnO (Table 2D1, D2).
The dependence of CO photo-PROX reactivity on the content of Cu was also tested 
for Cu–spheroidal ZnO between 0.01 and 3.0 wt% of Cu (Figure 2.8, Table 2.2D1, D3–D6). 
The rate constant and the conversion of CO was greatest in the case of 0.1 wt% Cu (0.0305
min1 and 97%, respectively) whereas the selectivity to CO2 was best in the case of 0.5 wt% 
Cu (99%).
Next, the partial pressure of O2 was increased from 76 Pa to 150 Pa (63 Pa of CO 
and 6.3 kPa of H2). The rate constant increased by a factor of 1.4, and selectivity to CO2 was 
94% (Table 2.2E1). In this test, the initial 9 700-ppm concentration of CO was decreased to 
21 ppm in 3 h and 0.35 ppm in 5 h (Figure. 2.7E).
The photo-PROX tests under visible light alone (>420 nm) were conducted for 
  
37 
Cu–spheroidal ZnO. With the initial pressures of CO (63 Pa), O2 (150 Pa), and H2 (6.3 kPa), 
the rate constant for Cu–spheroidal ZnO decreased to as low as 1.4% compared with that for 
Cu–spheroidal ZnO excited under UV–visible light (Table 2.2D1, F and Figure. 2.7D, F).
For Cu–spheroidal ZnO, by setting the initial pressures of CO at 63 Pa and O2 at 150 
Pa, the dependence of the reaction on the H2 pressure was examined between 0 kPa and 63 
kPa (Figure 2.9, Table 2.2E1–E5). As the partial pressure of H2 increased, the rate constants 
decreased from 0.0420 min1 to 0.0071 min1. Selectivity to CO2 was excellent (99–97%)
when the H2 pressure was 0–3.0 kPa, but decreased to 94% at an H2 pressure of 6.3 kPa and 
then to 79% at an H2 pressure of 63 kPa.
The amount of Cu–spheroidal ZnO photocatalyst was varied between 25 and 100 mg 
for photo-PROX reaction tests of CO (Figure. 2.10A). The rate constants linearly increased as 
a function of catalyst amount charged. Further, transmitted UV-visible light linearly 
decreased when the homogeneously spread catalyst amount increased up to 0.5 g (Figure.
2.10B). Thus, absorbed photon numbers by photocatalysts (typically 50 mg) were 
proportional to the amount of photocatalysts in this study and the catalytic rates (Table 2.2) 
were expressed per catalyst amount (gcat).
In the absence of light at 290 K, Cu–spheroidal ZnO converted 5.3% of CO to CO2
after 3 h (Table 2.2G). In the photocatalytic tests in Table 2.2E1, the temperature was 305 K 
at the catalyst position. Further, the obtained constant at 290 K (0.0004 min–1) under dark was 
only 1.2% of that under UV–visible light. Thus, thermal PROX reactions of CO were 
negligible using Cu–spheroidal ZnO. The small but non-zero initial CO2 formation rate (6.2 
mol h1 gcat1) for Cu–spheroidal ZnO under UV–visible light in the absence of reaction 
gases (Table 2.2E6) may be because of the impurity carbonates preadsorbed on the ZnO 
surface.
For comparison with the photo-PROX reactions, the PROX reaction of CO in the 
absence of light at 290 K using an Au/TiO2 catalyst was examined starting with initial 
pressures of CO (63 Pa), O2 (150 Pa), and H2 (6.3 kPa) (Figure. 2.7K and Table 2.2K). The 
initial CO2 formation rate was 14 times greater compared with that for Cu–spheroidal ZnO 
under UV–visible light (Table 2.2E1). Furthermore, selectivity to CO2 was comparable 
(93–94%). In addition, the photo-PROX test of CO was performed using Au/TiO2 under 
UV–visible light; however, except for an increase in water formation by a factor of 1.2, the 
effect of light was negligible.
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Figure. 2.7. Time course of the PROX reaction of CO in H2 using spheroidal ZnO (A), 
rod-like ZnO (B), disk-like ZnO (C), Cu–spheroidal ZnO (D–F), Cu–spheroidal ZnO-reduced 
(G), Cu–rod-like ZnO (H), Cu–disk-like ZnO (I), FZO-50 (J) and Au–TiO2 (K) illuminated 
with UV–visible light except for F (visible light) and K (no light). Reaction gases: CO 3.7 
mol (63 Pa), H2 370 mol (6.3 kPa), and O2 4.5 mol (76 Pa) (A–C, C’, H, I) or O2 9.0 
mol (150 Pa) (E, F, K), catalyst amount: 50 mg except for K (10 mg).
39 
Figure. 2.8. The relation between Cu weight% and CO PROX activity using Cu–spheroidal 
ZnO. Reaction gases: CO 3.7 mol (63 Pa), H2 370 mol (6.3 kPa), and O2 4.5 mol (76 Pa),
catalyst amount: 50 mg.
Figure. 2.9. The relation between H2 partial pressure and CO PROX activity and selectivity 
using Cu–spheroidal ZnO (0.5 wt% Cu). Reaction gases: CO 3.7 mol (63 Pa), H2 0–3700
mol (0–63 kPa), and O2 9.0 mol (150 Pa), catalyst amount: 50 mg.
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Figure. 2.10. (A) Dependence of time course of the PROX reaction of CO in H2 on the 
amount of Cu–spheroidal ZnO used (25–100 mg) illuminated with UV–visible light.  
Reaction gases: CO 3.7 mol (63 Pa), H2 370 mol (6.3 kPa), and O2 4.5 mol (76 Pa).  (B)
Dependence of transmitted UV-visible light intensity through the 30–120 mg of
Cu–spheroidal ZnO in the area of 5.3 cm2.  The distance between the bottom of the reactor 
and the lamp exit was set to 24 mm.
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2.4. Discussion
2.4.1. Syntheses and properties of ZnO-based photocatalysts
Spheroidal, rod-like, and disk-like ZnO particles were synthesized. The spheroidal
and rod-like particle shape in the SEM images (Figure. 2.4A1, C1) and the greater intensity 
of the (0002) peak in the XRD patterns compared with the ( ) and ( ) peaks (Figure.
2.3a, c) indicate that the particles grew anisotropically along the c-axis direction [30] to 
preferentially expose the polar (0001) face [27], while suppression of particle groth to the 
c-axis direction was confirmed in case of disk-like ZnO (Figure 2.3d, Figure 2.4D1).
High-resolution TEM images demonstrated the ( ), ( ), and (0002) lattice pattern and 
crystal growth direction of [0001] for spheroidal ZnO (Figure. 2.5a1–7). The SBET value for 
spheroidal ZnO (35 m2 g1) was an intermediate between the values for disk-like ZnO (75 m2
g–1; Table 2.1c) and rod-like ZnO (20 m2 g–1; Table 2.1b), and those for Cu–ZnOs (34–47 m2
g–1; Table 2.1d–f) were changed compared with pristine ZnOs. A reason for this was the 
partial dissolution and recrystallization of ZnO during the Cu ion exchange in the metal 
nitrate solution. For Cu–spheroidal ZnO, the particle shape became similar to that of general 
ZnO crystals (Figures. 2.4A1, B1).
The Eg values were estimated on the basis of the UV–visible absorption spectra for 
the ZnO samples and the Cu ions adsorbed ZnO samples (Figure. 2.6). The Eg values were 
evaluated by the extrapolation of the absorption edge to the x-axis. The value for FZO-50
(3.24 eV) was 0.03–0.04 eV greater than those for spheroidal, rod-like, and disk-like ZnO 
(3.20–3.21 eV; Table 2.1a, b, c, g) probably because of the nanosize effect [24] of the smaller 
crystalline of FZO-50 (21 nm, average) compared with those of spheroidal, rod-like, and 
disk-like ZnO (average 24–48 nm based on XRD, Table 2.1).
The adsorption of Cu2+ on as-prepared ZnO’s decreased the Eg values by 0.01–0.02 
eV [25]. The Eg value further decreased by 0.02 eV when Cu2+ was reduced to Cu+ under 
UV–visible light in the presence of ethanol. The stabilization of CuI over basic ZnO was 
suggested [31]. It is known that the electronic transition of ZnO is direct [34]. For all 
ZnO-based samples synthesized in this study, the Eg values estimated by the simple 
absorption-edge extrapolation were in agreement with those given by fitting to the 
Davis-Mott equation with n values between 1/2 and 3/2 (Table 2.1). Thus, the electronic 
transition was direct from 2p of O to the following: 4s or 4p of Zn; 3d, 4s, or 4p of Cu.
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2.4.2. Optimization of photo-PROX of CO
Among the ZnO samples tested for photo-PROX reactions, disk-like ZnO exhibited 
the highest k value (Table 2.2A, B, C, J). The k values were enhanced by a factor of 2.8–21
and selectivity to CO2 was improved upon the adsorption of Cu2+ on spheroidal, rod-like, and 
disk-like ZnO (Table 2.2D1, H, I). Amoung them, Cu–spheroidal ZnO was the most active 
photocatalysts. The rate constants positively depended on the partial pressure of O2. Under 63 
Pa of CO, 150 Pa of O2, and 6.3 kPa of H2, the initial 9 700-ppm concentration of CO was 
photocatalytically decreased to 21 ppm within 3 h and to 0.35 ppm within 5 h (Table 2.2E1
and Figure 2.7E), suggesting potential application to purify H2 to the polymer electrolyte Fuel 
cells.
UV light illumination was essential for the photo-PROX activity of Cu–spheroidal 
ZnO because the k value was only 1.4% under visible light alone (>420 nm; Table 2.2F, E1).
This dramatic decrease in reactivity was in accordance with the UV–visible spectrum (Figure
2.6e); the absorption tail negligibly extended to more than 420 nm. In the absence of light, 
Cu–spheroidal ZnO converted only 5.3% of CO to CO2 at 290 K in 3 h (Table 2.2G). 
Spheroidal ZnO and Cu–spheroidal ZnO were excellent catalysts for the photo-PROX of CO 
but poor catalysts for the thermal-PROX of CO at 290 K.
In addition, the photo-PROX activity of the Cu–spheroidal ZnO photocatalyst 
depended on the partial pressure of H2 between 0 kPa and 63 kPa (Table 2.2E1–E5). As the 
partial pressure of H2 increased, the rate constants and CO2 selectivity gradually decreased 
from 0.0420 min1 to 0.0071 min1 and from 99–97% to 79%, respectively (Figure 2.9).
The effect of the presence/absence of H2 has previously been reported for the PROX reaction 
of the Au/TiO2 catalyst [35]. The reaction order of PCO clearly increased from 0.34 to 0.82 
owing to the presence of H2, i.e., poor PROX activity for low concentration of CO in 
predominant H2.
Considering the dependence on the partial pressure of H2, the photo-PROX results 
for Cu–spheroidal ZnO at an H2 pressure of 600 Pa were compared with literature data for 
NiO/TiO2 and Mo/SiO2 tested with an H2 pressure of 590 Pa [9,10]. The initial CO2
formation rates were in the order of Mo/SiO2 > Cu–spheroidal ZnO > NiO/TiO2. Furthermore, 
selectivity to CO2 was in the order of Cu–spheroidal ZnO ~ Mo/SiO2 > NiO/TiO2.
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2.4.3. Reaction mechanism of photo-PROX of CO using Cu–spheroidal ZnO
During the photo-PROX reaction, the initial rates of decrease of CO and O2 gases 
were essentially equivalent for spheroidal ZnO, disk-like ZnO, and Cu–rod-like ZnO on a 
molar amount basis (Figure 2.7A, B, H). In contrast, CO initially decreased more rapidly than 
O2 for Cu–spheroidal ZnO and Cu–disk-like ZnO (Figure 2.7D, E, I), which corresponds 
better to the stoichiometric ratio of the reaction 2CO + O2 = 2CO2. In contrast, the molar 
amount of O2 decreased more rapidly than that of CO for rod-like ZnO, and Au/TiO2 (Figure
2.7B, I).
The ratio of CO2 formed versus CO diminished suggested differences in the catalytic 
mechanism. The ratio was close to unity for spheroidal ZnO (89%), rod-like ZnO (99%), 
Cu–spheroidal ZnO (93–100%), Cu–disk-like ZnO (87%), and Au/TiO2 (100%), whereas it 
was lower for disk-like ZnO (54%), Cu–rod-like ZnO (66%) and FZO-50 (69%). The 
catalysts that do not remain CO-derived species on the surface exhibited higher CO2
formation rates.
The photo-PROX of CO results were optimum when the Cu content was 0.1–3 wt%
(Figure 2.8, Table 2.2D1, D3–D6). Small amount of CuII sites should be enough to accept 
photogenerated and diffused electrons in ZnO under the reaction conditions and excessive 
amount of CuII sites than 0.5 wt% even blocked active sites over ZnO [36].
When the photo-PROX reaction was performed using Cu–spheroidal ZnO-reduced 
in which the CuII sites were reduced to CuI, the results (Table 2.2D2) were essentially 
identical to those obtained using Cu–spheroidal ZnO in which the initial Cu valence was II 
(Table 2.2D1, Figure 2.7D). This can be explained by the fact that CuII sites accept diffused 
photoelectrons in ZnO or prereduced CuI sites were set and rapidly transfer them to 
O2-derived species.
In the photodecomposition of sucrose, Cu2+ ions in the aqueous solution increased 
the photodecomposition rates, and it is proposed that the photogenerated electrons were 
transferred from TiO2 to the Cu2+ ions in the aqueous solution and then transmitted to oxygen 
molecules [37]. In addition, it was reported that O2 was reduced to H2O by electrons from 
WO3 photoelectrode via Pt counter electrode and Cu2+ ions in aqueous solution [38]. It is 
believed that the hole diffusion length is ~10 nm versus the electron diffusion length is ~10 
m in TiO2 [39]. In ZnO, the hole and electron diffusion lengths are suggested to be 240–440
nm [40, 41] and 50–140 m [42], respectively. Furthermore, direct photoelectronic transition 
takes place from 2p of O to relatively diffused 4s or 4p of Zn and 3d, 4s, or 4p of Cu in 
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Cu–spheroidal ZnO. Thus, photogenerated electrons could diffuse in entire spheroidal ZnO 
(35.1 nm × 23.5 nm in average, Figure 2.4A2) probably following in the proximity to Zn2+
ions to surface Cu2+ sites before they recombined with holes. The indirect orbital overlap 
between diffused 4s or 4p of Zn and 3d, 4s, or 4p of Cu was also suggested at surface [43].
The rod-like ZnO was fairly inactive compared to spheroidal ZnO and disk-like ZnO 
(Table 2.2A, B, C and Figure 2.7A, B, C) and thus the crystal faces parallel to [0001] axis 
should be inactive. The reactivity difference of crystal faces may be exaggerated because 
electron–hole pairs photogenerated in rod-like ZnO (440 nm × 80 nm in average, Figure
2.4B2) mostly diffused to nearer side faces of nano-rods and rarely reached to relatively far 
( ) face at the end of nano-rods. The polar ( ) face terminates O atoms and/or 
hydroxy group. Because the ion-exchanged Cu2+ sites for reduction reaction and CO 
adsorption sites can be formed in vicinity on ( ) face of Cu–spheroidal ZnO, the 
reduction and oxidation would occur preferably on ( ) face compared to ( ) and 
( ) face.
For Cu–ZnO’s, the adsorbed Cu ions clearly exhibited a promoting effect to enhance 
rate constants by a factor of 2.8–21 (Figure 2.7A, B, C, D, H, I), and therefore should be 
incorporated in the promoted photo-PROX reaction mechanism. The redox potential values 
for the Cu ions and the reaction steps in the photo-PROX reaction are as follows.
Cu2+ + e–  Cu+, E° = 0.159 V ???eq. 2.9
O2 + 2H+ + 2e– H2O2, E° = 0.695 V ???eq. 2.10
We propose that the electrons produced in ZnO under UV–visible light diffused to CuII sites 
on the surface, especially effectively for shorter spheroidal ZnO (35 nm in average) and 
disk-like ZnO (20 nm in average) than for longer rod-like ZnO (440 nm in average) before 
they recombined with holes during the diffusion, and the trapped electrons as CuI state were 
transferred to O2. The energetic is depicted in Scheme 2.2 including the electron flow from 
valence band to conduction band, to Cu ions (or directly from VB to Cu ions), and then to O2
species. Based on the comparison of the reduction potential values, steps b to c can not only 
be considered as the diffusion of photogenerated electrons to CuII sites and holes to the 
formate species but also as the electron transfer from formate to CuII.
47 
Scheme 2.2. Energy levels at the bandgap of ZnO and Cu2+/+ ions versus the reaction steps of 
photo-PROX of CO.
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2.5. Conclusions
In this study, spheroidal, rod-like, and disk-like ZnO semiconductors were 
synthesized. Based on the XRD peak intensity ratio and SEM and high-resolution TEM 
images, each samples exhibited specific morphology, respectively (22 nm × 47 nm, 80 nm × 
443 nm, and 1700 nm × 20 nm, respectively). The specific surface area of disk-like ZnO (75
m2 g–1) was 2.1 times greater than that of spheroidal ZnO and 3.75 times greater than that of 
rod-like ZnO, and their semiconductivity was similar (Eg = 3.20–3.21 eV). However, the 1st
order rate constant of CO decrease in the photo-PROX using spheroidal ZnO and disk-like 
ZnO (0.0043 min1 and 0.0060 min1, respectively) was 43–60 times greater than that using 
rod-like ZnO, strongly suggesting critically dependent photocatalytic activity on the exposed 
crystal face and effective electron/hole diffusion length to each crystal face before charge 
recombination takes place.
The adsorption of 0.5 wt% of Cu2+ ions was found to be effective for promoting and 
tuning the photo-PROX reactivity of CO using spheroidal, rod-like, and disk-like ZnO. The 
rate constant using Cu–spheroidal ZnO was further increased by a factor of 5.8 compared
with that for spheroidal ZnO. When the initial pressures were 63 Pa of CO, 150 Pa of O2, and 
6.3 kPa of H2, CO was decreased to 0.35 ppm in 5 h under UV–visible light. The comparison 
of photo-PROX performance under visible light indicated that photoreactivity was mostly 
due to UV light illumination (<420 nm).
  
49 
References
[1] T. Kamegawa, T. H. Kim, J. Morishima, M. Matsuoka, M. Anpo, Catal. Lett. 129 (2009) 
7–11.
[2] T. Kamegawa, R. Takeuchi, M. Matsuoka, M. Anpo, Catal. Today 111 (2006) 248–253.
[3] T. Kamegawa, J. Morishima, M. Matsuoka, J. M. Thomas, M. Anpo, J. Phys. Chem. C
111 (2007) 1076–1078.
[4] C. Wöll, Prog. Surf. Sci. 82 (2007) 55– 120.
[5] R.C. Pawar, J. S. Shaikh, S. S. Suryavanshi, P. S. Patil, Curr. Appl. Phys. 12 (2012) 
778–783.
[6] B. Shouli, C. Liangyuan, L. Dianqing, Y. Wensheng, Y. Pengcheng, L. Zhiyong, C. Aifan, 
C. C. Liu, Sens. Actuator B146 (2010) 129–137.
[7] M. D. Hernández-Alonso, F. Fresno, S. Suárez, J. M. Coronado, Energy Environ. Sci. 2
(2009) 1231–1257.
[8] M. Grätzel, Nature 414 (2001) 338–344.
[9] M. Grätzel, Curr. Opinion Colloid Interf. Sci. 4 (1999) 314–321.
[10] X. Wang, J. Song, Z. L. Wang, J. Mater. Chem. 17 (2007) 711–720.
[11] T. Shishida, M. Yamamoto, D. Li, Y. Tian, H. Morioka, M. Honda, T. Sano, K. Takehira, 
Appl. Catal. A 303 (2006) 62–71.
[12] R. Yang, X. Yu, Y. Zhang, W. Li, N. Tsubaki, Fuel 187 (2008) 443–450.
[13] M. S. Mohajerani, A. Lak, A. Simchi, J. Alloy. Compd 485 (2009) 616–620.
[14] E. S. Jang, J.-H. Won, S.-J. Hwang, J.-H. Choy, Adv. Mater. 2006, 18, 3309–3312.
[15] J. H. Zeng, B. B. Jin, Y. F. Wang, Chem. Phys. Lett. 2009, 472, 90–95.
[16] T. Ghoshal, S. Kar, S. Chaudhuri, J. Cryst. Growth 293 (2006) 438–446.
[17] X. L. Zhang, Y. H. Kim, Y. S. Kang, Curr. Appl. Phys. 6 (2006) 796–800.
[18] T. Kawano, H. Imai, Cryst. Growth Design 6 (2006) 1054–1056.
[19] X. Zhou, Z. Hu, Y. Fan, S. Chen, W. Ding, N. Xu, J. Phys. Chem. C 112 (2008) 
11722–11728.
[20] Y. Izumi, D. Obaid, K. Konishi, D. Masih, M. Takagaki, Y. Terada, H. Tanida, T. Uruga, 
Inorg. Chim. Acta 361 (2008) 1149–1156.
[21] R. Zanella, S. Giorgio, C. R. Henry, C. Louis, J. Phys. Chem. B 106 (2002) 7634–7642.
[22] B. Ohtani, O. O. Prieto-Mahaney, D. Li, R. Abe, J. Photochem. Photobio. A 216 (2010) 
179–182.
[23] Y. Izumi, T. Itoi, S. Peng, K. Oka, Y. Shibata, J. Phys. Chem. C 113 (2009) 6706–6718.
  
50 
[24] X. Gao, I. E. Wachs, J. Phys. Chem. B 104 (2000) 1261–1268.
[25] N. Ahmed, Y. Shibata, T. Taniguchi, Y. Izumi, J. Catal (2011) 123–135.
[26] N. Ahmed, M. Morikawa, Y. Izumi, Catal. Today 185 (2012) 263–269.
[27] Y. Izumi, K. Konishi, H. Yoshitake, Bull. Chem. Soc. Jpn. 81 (2008) 1241–1249.
[28] B. G. Hyde, S. Andersson, Inorganic Crystal Structures, John Wiley & Sons, New York, 
1989, p. 55.
[29] T. J. Whang, M. T. Hsieh, J. M. Tsai, S. J. Lee, Appl. Surf. Sci. 257 (2011) 9539–9545.
[30] E. I. Solomon, P. M. Jones, J. A. May, Chem. Rev. 93 (1993) 2623–2644.
[31] E. Moretti, L. Storaro, A. Talon, P. Patrono, F. Pinzari, T. Montanari, G. Ramis, M. 
Lenarda, Appl. Catal. A 344 (2008) 165–174.
[32] P. K. Giri, S. Bhattacharyya, D. K. Singh, R. Kesavamoorthy, B. K. Panigrahi, K. G. M. 
Nair, J. Appl. Phys. 102 (2007) 093515.
[33] A. J. Reddy, M. K. Kokila, H. Nagabhushana, R. P. S. Chakradhar, C. Shivakumara, J. L. 
Rao, B. M. Nagabhyshana, J. Alloys Compounds 509 (2011) 5349–5355.
[34] S. Li, J. L. Li, Q. Jiang, G. W. Yang, J. Appl. Phys. 108 (2010) 024302.
[35] B. Schumacher, Y. Denkwitz, V. Plazak, M. Kinne, R. J. Behm, J. Catal. 224 (2004) 
449–462.
[36] H. Zou, X. Dong, W. Lin, Appl. Surf. Sci. 253 (2006) 2893–2898.
[37] D. Beydoun, H. Tse, R. Amal, G. Low, S. McEvoy, J. Mol. Catal. A 177 (2002) 
265–272.
[38] T. Arai, M. Yanagida, Y. Konishi, A. Ikura, Y. Iwaseki, H. Sugihara, K. Sayama, Appl. 
Catal. B Environ. 84 (2008) 42–47.
[39] O. K. Varghese, M. Paulose, T. J. LaTempa, C. A. Grimes, Nano Lett. 9 (2009) 731–737.
[40] O. Lopatiuk, L. Chernyak, Appl. Phys. Lett. 87 (2005) 162103.
[41] A. Soudi, P. Dhakal, Y. Gu, Appl. Phys. Lett. 96 (2005) 253115.
[42] K. Park, J. Xi, Q. Zhang, G. Cao, J. Phys. Chem. C 115 (2011) 20992–20999.
[43] I. Schmitt, K. Fink, V. Staemmler, Phys. Chem. Chem. Phys. 11 (2009) 11196–11206.
  
51 
Chapter 3. Mechanism of CO photo-PROX using Cu–ZnO
3.1. Introduction
The mechanisms of photocatalysis were investigated in several reactions, e.g. splitting 
of H2O [1,–6], decomposition of dyes [7], reforming of alcohol [8], reduction of CO2 [9–11],
and oxidation of NH3 [12]. The first processes in photocatalysis include the follow common 
steps (Scheme 3.1): adsorption of photons with energy above Eg values of photocatalysts, and 
subsequent generation of exited electrons at conduction band and holes at valence band (step 
1), diffusion of the electons and holes toward different sites on surface of the photocatalysts,
i.e. charge separation (step 2), the most of electron-hole pairs disappears by combination 
unless the charge separation efficiently occur (step 2’), the electrons and the holes diffused to 
active sites over surface reacted with adsorbates over photocatalysts i.e. reduction and 
oxidation reactions occur (step 3) [13, 20]. The structures of the active sites are characteristic
to the reactions and photocatalysts.
Scheme 3.1. The reaction steps of photocatalysis: light absorption (step 1), charge separation 
and diffusion to active sites (step 2), and redox reactions over surface (step3).
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Proposed photocatalytic mechanisms for several reaction systems were described in 
Scheme 3.2. In water splitting reaction using Pt/TiO2 photocatalyst, H2O or OH– anion were 
photoreduced into H2 by exited electron at Pt and H2O or OH– were photooxidazed into O2 by 
hole at TiO2 surface via several active O species (Scheme 3.2A) [2].
Pt/TiO2 was also used for reforming reaction of 2-propanol [8]. In the reaction, H2O
was photooxidized to H+ and •OH radical. The •OH radical reacted with 2-propanol adsorbed 
on TiO2 and then •CH3 radical and CH3COOH was formed. The obtained CH3COOH was 
also reacted with •OH radical, and thereby •CH3 radical, H+, and CO2 were formed. Finally, 
H+ and •CH3 radical formed in the each reaction steps were photoreduced to H2 and CH4 over 
Pt (Scheme 3.2B).
Photoreduction of CO2 into CO was performed using MgO [9]. CO2 adsorbed on 
MgO was photoreduced and reacted with H2, and then formate anion was formed. The 
formate anion reacted with adsorbed CO2 and CO and hydrogen carbonate anion were 
obtained. Finally, the hydrogen carbonate anion was photooxidized to CO2 (Scheme 3.2C).
In case of slective photooxidation of NH3 to nontoxic N2 using TiO2 [12], NH3
adsorbed on TiO2 was photooxidaized by O2 via several oxidation steps. As the result, NH3
were decomposed into N2, H2O and H+. The H+ cations were photoreduced to H2O with O2
(Scheme 3.2D).  
Concerning the photocatalytic reactions described in Scheme 3.2, the active site 
structure which is characteristic to photocatalysts used and each reactions, is also important 
to photocatalysis. In fact, the effects of crystal faces exposed on photocatalytic performance 
based on the interaction of adsorbates and stability of intermidiates were stated [14–19], 
however the efforts for mechanistic analysis were usually focused on band engineering 
(controlling the level of conduction band and valence band) and charge separation [20–23].
The detailed analysis for the effects of crystal faces i.e. determination of structure of active 
sites was limited [6].
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Scheme 3.2. The proposed mechanisms of photocatalytic reactions: water splitting using 
Pt/TiO2 (A), reforming of 2-propanol using TiO2 (B), CO2 reduction to CO using MgO (C), 
and selective oxidation of NH3 to N2 using TiO2 (D).
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Spheroidal ZnO with an average major axis of 47 nm and an average minor axis of 22 
nm was preferably grown in the direction of the [0001] axis of wurtzite. The spheroidal ZnO 
with 0.5 wt% of adsorbed Cu2+ ions preferentially photooxidized 9700 ppm of CO to 0.35 
ppm in 6.3 kPa of H2 in 5 h. The achieved concentration of CO satisfied the regulation for the 
use of H2 in fuel cells [24]. The photocatalytic role of Cu ions was suggested to be as a 
photogenerated electron trap that provides electrons to the O2 and/or O2-derived intermediate 
species. However, the mechanism for CO photo-PROX using photocaytalysts, especially
ZnO promoted by adsorbed Cu ions was unclear.
The proposed thermal-PROX mechanism using Au/TiO2 where CO adsorbs on TiO2
and reacts with O2 at the boundary between Au and TiO2 [25]. In case of thermal-PROX 
using CuO/CeO2,[26–28, 57] (Scheme 4.2mech)
In this study, disk-like, spheroidal, and rod-like ZnO nanoparticles were systematically 
synthesized to evaluate the geometric effects on the photo-PROX reaction of CO. Under light 
irradiation, charge separation occurs, and the charges diffuse to the surface. The diffusion 
lengths towards the polar (0001) and ( ) faces are shorter for the disk-like and spheroidal 
ZnO, while the diffusion lengths towards the nonpolar { } faces are shorter for spheroidal 
and rod-like ZnO (Figure 3.1). To evaluate the diffusion efficiency, the electron diffusion 
towards adsorbed Cu2+ sites was monitored by XANES. The production intermediates under 
photo-PROX reaction was followed by Fourier transform infrared (FTIR) spectroscopy.
Furthermore, the population of adsorbed Cu ions on each spheroidal ZnO face was 
investigated using HR-TEM equipped with energy dispersive spectroscopy (EDS) to compare 
the elemental mappings of Cu K and Zn K. Furthermore, the interaction of O2 with 
under-coordinated ZnO surfaces was simulated by the reductive precipitation of Ag+ ions via 
irradiation with UV–visible light over such surfaces [29] and monitored by TEM.
Figure 3.1 Molphologies of ZnO and diffusion of exited electron and hole generated by 
UV-visible irradiation toward ZnO surfaces.
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3.2. Experimental
3.2.1. Photocatalyst preparation
Spheroidal ZnO was synthesized according to a reported procedure [30]. Zn acetate 
dihydrate (11.6 g, 53 mmol; 99%, Wako Pure Chemical) was suspended in ethanol (110 mL).  
A 0.50 M sodium hydroxide ethanol solution (50 mL, 25 mmol; 97%, Kanto Chemical) was 
added to the Zn2+ solution over 20 min and was agitated using ultrasound (85 W, 28 kHz).  
The mixed suspension was refluxed at 353 K for three days. The obtained white precipitate 
was filtered using Ominipore JGWP04700, Millipore with a pore size of 0.2 m, washed 
with deionized water, and dried at 333 K for 12 h.
Rod-like ZnO was synthesized according to a reported procedure [31]. A 0.20 M Zn 
sulfate heptahydrate aqueous solution (30 mL, 6.0 mmol; 99.5%, Kanto Chemical) was added 
to 1.33 M NaOH (90 mL, 120 mmol) over 6 min. The suspension was maintained at 333 K 
for 2 h. The white precipitate obtained was filtered using Omnipore JGWP04700, washed 
with deionized water, and dried at 333 K for 12 h.
Disk-like ZnO was synthesized via the procedure reported in reference [32]. A 2.0
mmol of zinc nitrate hexahydrate (>99.9%, Wako Pure Chemical), 10 mmol of urea (>99%, 
Wako Pure Chemical), 10 mmol of cetyltrimethylammonium bromide (>98%, Wako Pure 
Chemical), and 5.0 mL of 1-butanol (>99%, Wako Pure Chemical) were dissolved in 50 mL 
of deionized water (<0.06 S cm1). This solution was stirred for 2 h at 290 K and then 
transferred into a Teflon-lined autoclave (TVS-N2-100, Taiatsu Techno; inner volume 100 
mL) and kept at 393 K for 15 h. The solution was then cooled to 290 K, and the obtained 
white powder was filtrated using Omnipore JGWP04700 and washed several times with 
deionized water (total 500 mL) and ethanol (total 300 mL). The powder was calcined at 573 
K for 5 h. The obtained powder was denoted as disk-like ZnO.
Commercial ZnO (FZO-50, ZnO 97.4 wt%) was kindly provided by Ishihara Sangyo 
Co.
3.2.2. Syntheses of Cu–ZnO and Ag/Cu–ZnO
A 0.40 mM Cu nitrate trihydrate aqueous solution (30 mL; 99.9%, Wako Pure 
Chemical) was added to spheroidal, rod-like, and disk-like ZnO (150 mg), which were
synthesized as described in the previous section, and magnetically stirred at 290 K for 30 min.  
The obtained light blue powder was filtered using Omnipore JGWP04700, washed with 
deionized water, and dried at 333 K for 8 h. This compound is hereafter denoted as 
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Cu–spheroidal ZnO, Cu–rod-like ZnO, Cu–disk-like ZnO, respectively. The maximum Cu
content was set to 0.5 wt%. The corresponding Cu uptake values were 100, 100, and 64% 
(0.50, 0.50, and 0.32 wt%), respectively, based on the X-ray absorbance (the edge jump 
values in XANES mentioned-below).
The photoreduction of Ag+ ions using the Cu–spheroidal ZnO sample was monitored?
by photodeposition from the aqueous Ag nitrate solution. Ag nitrate (1.0 mg, >99.8%, Wako 
Pure Chemical) was dissolved in 30 mL of deionized water, and 0.1 mL of ethanol and 50 mg 
of Cu–spheroidal ZnO were added to the solution. The suspension was irradiated from above 
by UV–visible light from a 300-W xenon arc lamp (Model OPM2-500XQ, Ushio) for 10 min. 
The distance between the exit of the lamp house and the surface of the suspension was 40 cm. 
The suspension was then filtrated using a JGWP04700 filter, washed with 100 mL of 
deionized water, and dried at 290 K for 72 h. A grayish blue powder was obtained for TEM 
observation.
3.2.3. Photocatalyst characterization
TEM images were obtained using a Model H-7650 (Hitachi). The samples were 
mounted on Cu mesh (150 mesh per inch) coated with a copolymer film of polyvinyl alcohol 
and formaldehyde (Formvar, Monsanto) and coated with carbon. A tungsten filament was 
used in the electron gun, and the electron accelerating voltage was 100 kV. The magnification 
ranged between 60000× and 600000×. High-angle annular dark field (HAADF) scanning 
TEM (STEM) and HR-TEM images were also observed using a Model JEM-2100F (JEOL). 
Chemical compositions and elemental distributions were analyzed with EDS using a Si(Li)
detector equipped in the TEM.
XRD data for the sample powders were obtained using a MiniFlex diffractometer 
(Rigaku) at a Bragg angle (B) of 2B = 10–80° with a scan step of 0.01° and a scan rate of 7 
s/step. The measurements were performed at 30 kV and 15 mA using Cu K emission and a 
nickel filter. In some cases, XRD patterns were also observed using a D8 ADVANCE 
diffractometer (Bruker) at a Bragg angle (B) of 2B = 10–60° with a scan step of 0.02° and a 
scan rate of 3 s/step. The measurements were performed at 40 kV and 40 mA using Cu K
emission and a nickel filter.
FTIR spectra were measured using a Model FT/IR-4200 spectrophotometer equipped 
with a mercury-cadmium-tellurium-M detector (JASCO) in the wavenumber region between 
4000 and 650 cm1, respectively. For the FTIR measurements, the energy resolution was set 
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to 2 cm1. A photocatalyst sample disk (	= 20 mm, 35–150 mg) was positioned 
perpendicular to the IR beam in a quartz reactor equipped with transparent NaCl windows on 
both sides and connected to a vacuum system (106 Pa). First, the sample disk was evacuated 
for 2 h at 290 K in the reactor, and then 4.6 kPa of CO was introduced.
Figure 3.2. The setup of the FTIR cell equipped with NaCl windows and the direction of 
incident light (I0) and transmitted light (It).
Cu K-edge X-ray absorption fine structure (XAFS) spectra were measured at 290 K on 
beamlines NW10A and 9C in the transmission mode at the Photon Factory Advanced Ring 
(PFAR) and Photon Factory (PF) at the High Energy Accelerator Research Organization 
(Tsukuba). Si(3 1 1) and Si(1 1 1) double-crystal monochromators were inserted in the X-ray 
beam path. The storage ring energy and ring current at PFAR were 6.5 GeV and 50 mA, 
respectively; at PF, the respective values were 2.5 GeV and 450 mA. The X-ray intensity was 
maintained at 65% of the maximum flux using a Piezo translator set on the crystal. The slit 
opening size in front of the I0 ionization chamber was 1 mm (vertical) × 2 mm (horizontal). 
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The I0 and It ionization chambers (Oken) were purged with N2 and a gas mixture of N2 (85%) 
+ Ar (15%), respectively.
The sample disk was set in a Pyrex glass cell equipped with a 25-m-thick 
polyethylene naphthalate (PEN) window (Q51-25, Teijin). The sample was vertically 
positioned at the center between the exit window of the I0 ionization chamber and the 
entrance window of the It ionization chamber and tilted to make the X-ray incident angle to 
the sample surface equal to 45°. The sample was illuminated with an Xe arc lamp (500 W; 
Model UI-502Q, Ushio) placed perpendicular to the X-ray beam path in the same horizontal 
plane with initial CO, O2, and H2 pressures of 46 Pa, 92 Pa, and 4.5 kPa, respectively. During 
the irradiation, a shoulder peak intensity at 8983.1 eV gradually grew. The CuI site ratio was 
evaluated from a linear approximation of peak intensity at 8983.1 eV for CuII and CuI sites 
based on Equation 3.1.
CuI-site ratio ~ ???eq. 3.1
Thus, the photoreduction rates of CuII sites in the three ZnO samples were evaluated. A
control experiment was performed separately for a sample under argon at atmospheric 
pressure. The distance between the center of the sample and the exit window of the lamp 
house (Model UI-502Q) was 42 mm. The scan steps were ~9, ~0.3, and ~2.5 eV in the 
pre-edge, edge, and post-edge regions, respectively. The data accumulation time was 1.0 s for 
each data point. The Cu K-edge absorption energy value was calibrated to 8980.3 eV for the 
spectrum of Cu metal [33, 34]. The energy position of the monochromator was reproduced 
within ±0.1 eV.
The XAFS data were analyzed using an XDAP package [35]. The pre-edge 
background was approximated by the modified Victoreen function . The 
background of post-edge oscillation was approximated by a smoothing spline function 
calculated using Equation 3.2 for the number of data points:
Smoothing factor ???eq. 3.2
,where k is the wavenumber of the photoelectrons.
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Multiple-shell curve-fit analyses were performed for the Fourier-filtered k3-weighted 
extended XAFS (EXAFS) data in both k- and R-space using empirical amplitude and 
phase-shift parameters extracted from the EXAFS data for CuO. The interatomic distances 
(R) and the associated coordination numbers (N) for the Cu–O and Cu(–O–)Cu pairs were set 
to an R value of 0.1956 nm with an N value of 4 and to an R value of 0.3028 with an N value 
of 10, respectively, on the basis of their crystal structures [36]. The 
2 value was referenced 
to the model parameter (
2). The many-body reduction factor S02 was assumed to be equal 
for both the sample and the reference.
Figure 3.3. Theposition of XAFS cell equipped with PEN films, and the directions of X-ray 
beam and UV-visible irradiation from Xe arc lamp.
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3.3. Results
3.3.1. Structual analyses
The structural analyses for ZnO’s and CuZnO’s were already mentioned in Chapeter 
2. In brief, the obtained spheroidal, rod-like, and disk-like ZnO crystallites were anisotropic 
with mean sizes of 47 nm × 22 nm,440 nm × 80 nm, and 20 nm × 1700 nm respectively 
(Table 3.1A, B, C) based on the SEM image (Figure 2.4).
Three XRD peaks appeared in the 2B range (B: Bragg angle) of 29°–39° for 
disk-like, spheroidal, and rod-like ZnO; these peaks were assigned to the 0110 , 0002, and
1110 reflections of wurtzite ZnO (Figure 3.4a–c), respectively. Among the three peaks for
disk-like ZnO grown in the direction perpendicular to the c-axis, the 0002 peak intensity was 
weaker than the intensities of the 0110 and 1110 peaks (Figure 3.2a, Table 3.1A). The 1110
reflection was the most intense among the three peaks, especially for spheroidal, rod-like, and 
FZO-50 ZnO (Table 3.1B–D). The 1110 reflection was even more intense for 
Cu–spheroidal ZnO than that for spheroidal ZnO (Table 3.1B, F).
Figure 3.4. XRD patterns of disk-like ZnO (a), spheroidal ZnO (b), rod-like ZnO (c), and 
FZO-50 (d).
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Table 3.1. Structural data for ZnO and ZnO with adsorbed Cu
Average
Cu particle size (nm) XRD peak ratio
Entry Sample wt% t*2 tmajor tminor ( ):(0002):( )
A Disk-like ZnO 0 24 1700 20 100: 81: 156
B Spheroidal ZnO 0 39 47 22 100: 121: 189
C Rod-like ZnO 0 48 440 80 100: 115: 181
D FZO-50*1 0 21 20 20 100: 93: 175
E Cu–disk-like ZnO 0.50
F Cu–spheroidal ZnO 0.50 34 35 24 100: 96: 192
G Cu–rod-like ZnO 0.32
*1 ZnO > 97.4%, Ishihara Sangyo Co.
*2 Based on Scherrer equation for ( ) peak.
3.3.2. Monitoring of distribution of adsorbed Cu ions and photoreduction sites via Ag+
precipitation
The distribution of Cu ions adsorbed on spheroidal ZnO was observed by
HAADF-STEM and elemental mapping using EDS (Figure 3.5A). In the HAADF-STEM 
image of Cu–spheroidal ZnO, spheroidal particles with sizes of 16–38 nm in the direction of 
major axis and 7.6–21 nm in the direction of minor axis were observed. The Zn K, Cu K,
and O K mappings distributed in the upper left region, similar to inthe HAADF-STEM 
image of Cu–spheroidal ZnO (Figure 3.5A). The ED spectra of a ~5-nm selected area for 
Cu–spheroidal ZnO (red circle: edge; blue circle: center; and green circle: edge on the other 
side for spheroids) were also measured (Figure 3.5B). The Cu K and Zn K intensities were 
compared among the selected areas on the spheroidal ZnO. It should be noted that the Cu 
Kpeak appeared at 8.0 keV in the blank test in the absence of sample due to the Cu mesh of 
the sample mount (Figure 3.5B, top right). Therefore, the Cu K peak intensity for the blank 
test was subtracted from the Cu K peak intensity for the Cu-spheroidal ZnO sample.After 
this adjustment, the peak ratio of (Cu K) / (Zn K) at the edge of Cu–spheroidal ZnO was 
0.44 ± 0.15 (Figure 3.5B, red and green circles), whereas the ratio at the center of 
Cu–spheroidal ZnO was 0.32 ± 0.06 (Figure 3.5B, blue circle). Taking error into account, the 
peak ratio of Cu K/Zn K is greater at the edge than at the center.
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Figure 3.5. (A) HAADF- !"#$%&'&(($&%)
	*+,-.&+,-&'
+, $&  ) /$0 ) 12234-STEM image for Cu–spheroidal ZnO. (B) HR-TEM 
images and EDS spectra for a ~5-nm selected area (red, blue, and green circles) of 
Cu–spheroidal ZnO.
 
 
Minimal uptake of Ag+ ions on Cu–spheroidal ZnO under the irradiation of 
UV–visible light was monitored by TEM (Figure 3.6). In average for the ZnO spheroids, the 
zone from the edge to 12.7 (±4.3)% was { 1110 } planes and that from 12.7 (±4.3)% to the 
center (50%) was { 0110 } planes. In the image, the deposited Ag0 nanoparticles populated 
mostly at the boundary between slopes of the { 1110 } and { 0110 } planes and the 
population gradually decreased to the center of ZnO spheroids (Figure 3.6B). These results 
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suggest that the preferable reduction sites of Ag+ were on the unsaturated interface sites 
between the { 1110 } and { 0110 } planes and/or relatively unsaturated { 1110 } plane 
compared to { 0110 } planes.
Figure 3.6. (A) TEM images of minimal uptake of Ag+ ion on Cu–spheroidal ZnO [(a)–(d)]
by UV–visible irradiation for 10 min. (B) Histogram of the population of photodeposited Ag 
particles on each zone of spheroidal ZnO from the edge to center.
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3.3.3. FTIR spectra of the three ZnOs in CO
The FTIR spectra were measured for as-syntheiszed ZnO’s and CuZnO’s under 
several conditions. In FTIR spectra for ZnO’s and Cu–ZnO’s under vacuum at 290 K for 2 h 
as a pre-treatment, a major broad peak centered at 3310–3480 cm1 appeared and was 
accompanied by a shoulder peak at 3666–3725 cm–1 (Figure 3.7). These peaks were due to 
O–H [(OH)] stretching vibrations of surface hydroxy groups. The peak at 3666–3725 cm–1
was due to isolated hydroxy groups. The wavenumber shifted to 3310–3480 cm–1 owing to 
the hydrogen bonding among hydroxy groups. In addition, intense peaks centered at 1661
cm–1–1394 cm–1 were observed owing to the Zn carbonate species near/on the surface of ZnO
[60]. Atmospheric CO2 adsorbed onto the basic ZnO surfaces during the synthesis was not 
totally removed by evacuation at 290 K for 2 h. In the subsequent study, the spectrum of 
Figure 3.7 was set as a background spectrum.
CO gas (4.6 kPa) was introduced into the ZnO (Figure 3.8) to clearly monitor the 
adsorbed species. 4.6 kPa corresponded to by 100 times greater than the CO pressure (46 Pa) 
for the photo-PROX reaction tests in this study. When 46 Pa of CO was introduced to ZnO, it 
was difficult to quantitatively determine the surface species due to the background 
modulation resulting from the amount change of Zn carbonate at the surface.
After 1 h of CO introduction, peaks appeared at 1629, 1604, 1397, and 1342 cm1 in 
the spectrum of disk-like ZnO (Figure 3.8A1), at 1641 and 1605 cm1in the spectrum of 
spheroidal ZnO (Figure 3.8C1), and at 1638, 1606, and 1393 cm1 in the spectrum of rod-like 
ZnO (Figure 3.8E1) in the wavenumber range of 1700–1300 cm1. Based on the spectra, 
these peaks were assigned to two types of surface formate species formed via equation 3.3 
including Cu–ZnOs. 
CO + HO(surface)  HCO2(surface) ???eq. 3.3
Subsequently, the CO gas was evacuated (Figures 3.8A2–F2). The intercorrelated peaks
appearing at 1649–1620 cm1 and 1442–1393cm1 were assigned to the antisymmetric 
[as(OCO)] and symmetric stretching vibration [s(OCO)] of formate “Species A”. The other 
intercorrelated peaks appearing at 1606–1592cm1 and 1361–1342 cm1 were assigned to the 
antisymmetric [as(OCO)] and symmetric stretching vibration [s(OCO)] of formate “Species 
B”. The background was not always sufficiently flat due to the effects of residual carbonate 
species adsorbed on basic ZnO (Figure 3.7).
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Species A and B were formed on ZnO via the adsorption of CO gas. No significant 
differences were observed between the intensities of Species A and/or B for each sample per 
sample amount (100 mg) at 0.023–0.030 for as(OCO) and 0.024–0.045 for s(OCO). After 
the evacuation of CO gas, Species A and B decreased/disappeared in the spectra of all the
ZnO samples (Figures 3.8A2, C2, E2). For disk-like and rod-like ZnO, only Species A
remained, and its intensity decreased to 5%–40% and to48%–56%, respectively, of the 
intensity under CO. Conversely, 63% of Species A and 61% of Species B remained in the 
case of spheroidal ZnO.
Figure 3.7. FTIR spectra after 2-h evacuation for disk-like ZnO (A), Cu–disk-like ZnO (B), 
spheroidal ZnO (C), Cu–spheroidal ZnO (D), rod-like ZnO (E), and Cu–rod-like ZnO (F).
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3.3.4. FTIR spectra for three Cu–ZnOs in CO
Surface formate Species A and B were also confirmed in Cu–ZnO samples in 4.6 kPa of 
CO, and the as(OCO) peak intensitiesper sample amount compared to the corresponding 
peak for ZnO under CO increased by 1.5–2.8 times because of the effects of the Cu ions 
(Table 3.2).
In Cu–disk-like ZnO, the peaks at 1642 and 1400 cm1 were assigned as Species A; 
their intensities decreased by 20%–79% of those under CO after the removal of CO gas 
(Figures 3.7B1, 2). Species B was not clearly observed/resolved.
In Cu–spheroidal ZnO under CO, Species A appeared at 1643 and 1442 cm1, and 
Species B appeared at 1602 and 1361 cm1 (Figure 3.8D1). In addition, the peak due to 
CuI–CO appeared at 2090 cm1. After the evacuation of CO gas, 56%–74% of the peaks due 
to Species B remained, in clear contrast to Species A, which totally disappeared (Figure 
3.8D2). The spectrum in Figure 3.8D2 taken under dark did not change significantly if the 
Cu–spheroidal ZnO sample disk was irradiated by UV–visible light. Because the 
signal/background ratio became worse if the samples were irradiated by UV–visible light, 
FTIR spectra taken only under dark were shown in this study. As the trend for Species A was 
not observed for spheroidal ZnO, the added Cu ions destabilized Species A.
In case of Cu–rod-like ZnO under CO, Species A appeared at 1644 cm1 and 1409 cm1,
while the shoulder peaks of Species B appeared at 1598 cm1 and 1359 cm1 (Figure 3.8F1). 
As for the Cu–spheroidal ZnO, a CuI–CO peak was observed at 2088 cm1. In addition, 
24%–39% of the peaks due to Species A remained after the evacuation of CO gas, whereas
Species B disappeared (Figure 3.8F2).
The stabilities of Species A and B under vacuum were different in each sample. Species 
A was unstable on spheroidal ZnO, especially Cu–ZnO. In contrast, Species B was stable on 
spheroidal ZnO, likely on the ( 1110 ) face, because of the different exposed crystalfaces. 
Species A was relatively stable on Cu–disk-like ZnO and Cu–rod-like ZnO; however, its peak 
intensity was weak.
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Figure 3.8. FTIR spectra under dark of disk-like ZnO (A), Cu–disk-like ZnO (B), spheroidal 
ZnO (C), Cu–spheroidal ZnO (D), rod-like ZnO (E), and Cu–rod-like ZnO (F). The 
conditions are under 4.6 kPa of CO for 1 h (1) and the sample from 1 after being evacuated 
for 10 min (2).
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3.3.5. Monitoring of Cu valence state by XANES
The photoreduction rates of Cu sites were compared among Cu–disk-like ZnO, Cu–spheroidal 
ZnO, and Cu–rod-like ZnO irradiated by UV/$)$5$%*&'	
-6	
 2, and 4.5 
kPa of H2. Prior to the irradiation, a tiny 1s-3d quadrupole-transition pre-edge peak appeared at 
8978.3–8978.6 eV for all the samples (Figure 3.9B-a, a’), indicating that the Cu valence state was II 
for all the incipient samples. The 1s-3d pre-edge peak intensity and a shoulder peak at 8983.1 eV for 
as-prepared Cu–spheroidal ZnO negligibly changed if the sample was evacuated at 290 K for 2 h 
(Figures 3.9A2a, a’; B2a, a’), demonstrating that evacuation effects on the Cu state were negligible. 
During 55 min of irradiation, the pre-edge peak intensity decreased and a shoulder peak at 8983.1 eV 
gradually grew for all the Cu–ZnOs. The CuI site ratio was evaluated based on Equation 6 (see the 
Experimental section). Assuming first-order reaction kinetics for the reduction 
( tke Cu0
IIII ]Cu[]Cu[  ), the rate constant kCu was determined to be 0.0082, 0.0076, and 0.0032 min1
for Cu–disk-like ZnO, Cu–spheroidal ZnO, and Cu–rod-like ZnO, respectively (Table 3.3A, B, C).
As a control test, the reduction of CuII sites was also monitored for Cu–spheroidal ZnO under 
Ar gas and UV–visible irradiation. The reduction of CuII sites was not clear, and the k value was 
determined to be below the detection limit (<0.0005 min1), which was significantly smaller than that 
under the mixed reaction gas of CO, O2, and H2 (0.0076 min1; Table 3.3B). Thus, the presence of 
CO and/or H2 as a reducing reagent was the requisite for charge separation in Cu–ZnO samples and 
the reduction of CuII to CuI.
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Figure 3.9. (A) Normalized Cu K-edge XANES for Cu–disk-like (1), Cu–spheroidal (2), and 
Cu–rod-like ZnO (3) as prepared (a), evacuated at 290 K for 2 h before irradiation (a’), at 5 min (b), 
21 min (c), 38 min (d), and 55 min (e) from the start of UV–visible light irradiation from a 500-W 
Xe arc lamp with the initial pressures of CO (46 Pa), O2 (92 Pa), and H2 (4.5 kPa), at 1 min after 
irradiation (f), and Cu–spheroidal ZnO-reduced (g). (B) Expanded view of the pre-edge region in 
Panel A. (C) The intensity change in the shoulder peak at 8983.1 eV during irradiation by 
UV–visible light for Cu–disk-like (78-*–spheroidal (?), and Cu–rod-like ZnOs (9).
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Table 3.3. The comparison of photo-PROX activity*1 and the reduction rates of Cu ion sites for 
irradiation under CO, O2, and H2 for 55 min
1st order 1st order Quantum
Cu kPROX kCu efficiency
Entry Photocatalysts wt% (103min1) (103 min1) (%)
A Cu–disk-like ZnO 0.50 17 8.2 0.036
B Cu–spheroidal ZnO 0.50 25 7.6 0.059
C Cu–rod-like ZnO 0.32 2.1 3.2 0.010
*1 H2 6.4 kPa, CO 64 Pa, O2 76 Pa. (see Chapter 2)
 
3.3.6. Determination of site structure by EXAFS spectra
The Cu K-edge EXAFS spectra were measured for the Cu–spheroidal ZnO photocatalyst 
freshly evacuated at 290 K for 2 h (Figure 3.10A) and for the sample under CO (46 Pa), O2 (92 Pa), 
and H2 (4.5 kPa) for 55 min irradiated with an Xe arc lamp (Figure 3.10B). Based on the curve-fit 
analyses, the first-shell coordination distances of the Cu–O interatomic pair were 0.1922 nm with an 
N value of 3.7 for the fresh sample in darkness (Table 3.4 and Figures 3.10A3, 4) and 0.195 nm with 
an N value of 3.2 for the sample tested photocatalytically for 55 min (Table 3.4 and Figures 3.10B3, 
4).
The second-shell coordination of the Cu(–O–)Zn interatomic pair was not clearly observed 
in the Fourier transform for the fresh sample (Figure 3.10A2). In contrast, a weak peak at 0.27 nm 
(phase-shift uncorrected; Figure 3.10B2) was nicely fit at 0.300 nm with an N value of 2.4 as 
Cu(–O–)Zn interatomic pair for the Cu–spheroidal ZnO subjected to the photo-PROX test with CO 
for 55 min (Table 3.4 and Figures 3.10B3, 4). No peaks associated with the metallic Cu–Cu
interatomic pair at ~0.256 nm appeared in the spectra of either sample (Figures 3.10A2, B2).
For Cu–disk-like ZnO, the interatomic distance of the Cu–O pair was 0.193nm with an N
value of 4.3 for the fresh sample. The data negligibly changed to 0.194 nm with an N value of 3.8 for 
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the sample after photocatalytic test for 55 min. The Cu(–O–)Zn coordination was significant only for 
sample after photocatalytic test (at 0.3176 nm with the N value of 3.2), similar to the data for 
Cu–spheoridal ZnO (Table 3.4).
For Cu–rod-like ZnO, the R(Cu–O) value was slightly longer: 0.1952 nm with an N value of 
3.2 for the fresh sample. The data negligibly changed to 0.1957 nm with an N value of 3.6 for the 
sample after photocatalytic test for 55 min.The Cu(–O–)Zn coordination was not significant both 
before and after photocatalytic test (Table 3.4). In summary, the Cu–O interatomic pair at 
0.1922–0.1957 nm with the N values of 3.2–4.3 for Cu–ZnOs in this study suggested major CuO-like 
coordination [N(Cu–O) = 4; Table 3.4] rather than Cu2O-like coordination [N(Cu–O) = 2].
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Figure 3.10. Cu K-edge EXAFS spectra for Cu–-spheroidal ZnO (0.5 wt% Cu): (A) a fresh sample 
evacuated at 290 K for 2 h; and (B) a sample in CO (46 Pa) + O2 (92 Pa) + H2 (4.5 kPa) irradiated 
with UV–visible light for 55 min. (1) The k3-weighted EXAFS -function, (2) its associated Fourier 
transform, and (3, 4) the best-fit results in (3) k-space and (4) R-space. The thin red lines represent 
the experimental values, and the thick blue lines represent the calculated values in Panels (3) and (4). 
The solid lines represent the magnitude, and the dotted lines (- - -) represent the imaginary part in 
Panels (2) and (4).
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Table 3.4. Best-fit results of Cu K-edge EXAFS analyses for Cu–ZnOs
Cu–O Cu(–O–)M (M = Zn, Cu)
N R 
2 N R 
2 Goodness
Sample (nm) (105 nm2) (nm) (105 nm2) of fit
Cu–disk-like ZnO
fresh 4.3 0.193 5.4 –– –– –– 1000
(±1.2) (±0.001) (±4.9)
used *1 3.8 0.194 4.0 3.2 0.3176 6.1 150
(±1.0) (±0.001) (±4.4) (±0.6)(±0.0004) (±3.2)
Cu–spheroidal ZnO
fresh 3.7 0.1922 3.8 –– –– –– 1600
(±0.4) (±0.0004) (±0.6)
used *1 3.2 0.1950 1.2 2.4 0.300 4.5 200
(±0.5) (±0.001) (±1.3) (±0.3) (±0.001) (±2.1)
Cu–rod-like ZnO
fresh 3.2 0.1952 0.4 –– –– –– 1000
(±0.3) (±0.0004) (±0.9)
used *1 3.6 0.1957 0.7 –– –– –– 400
(±0.4) (±0.0005) (±1.1)
CuO*2 4 0.1956 –– 10 0.3028 –– ––
Cu2O*2 2 0.18488 –– 12 0.3019 –– ––
The values in parahthesis are fit errors.
*1After photocatalysis in CO (46 Pa) + O2 (92 Pa) + H2 (4.5 kPa) for 55 min.
*2ref [36].
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3.4. Discussion
3.4.1. Photogenerated electron diffusion
The photoreduction of CuII over ZnO’s suface was confirmed by Cu K-edge XANES 
(Figure 3.9). The improvement of photocatalytic activity by adsorption of Cu ions on ZnO (Table 
3.3) was owing to charge separation based on electron trapping by CuII and subsequent reduction of 
O2 at reduced Cu sites via eqation 3.4.
O2(surface) + 2H+(surface) + 2Cu+  2HO(surface) + 2Cu2+ ???eq. 3.4
Based on the growth of the shoulder peak at 8983.1 eV in the in-situ XANES spectra (Figure 3.9),
the photoreduction rates of CuII sites in the three ZnO samples followed the order (Table 3.3):
Cu–disk-like ZnO ~ Cu–spheroidal ZnO > Cu–rod-like ZnO
The thin ZnO disks (mean thickness = 20 nm; Table 3.1A) of the Cu–disk-like ZnO and 
nanocrystallites of the Cu–spheroidal ZnO (mean major axis 35 nm × minor axis 24 nm; Table 3.1F)
were apparently advantageous for the diffusion of photogenerated electronsfrom bulk to surface Cu 
sites. The difference in charge diffusion path length is the major reason for the poor photocatalytic 
activity obtained using Cu–rod-like ZnO.
The diffusion path of photogenerated electrons from bulk to surface was visualized using 
TEM as the reductive photodeposition of Ag nanoparticles on Cu–spheroidal ZnO sample starting
from Ag+ ions (Figure 3.6A). As compared to the zones of edge, { 1110 } faces, and { 0110 } faces
in ZnO spheroids (Figure 3.6B), the Ag nanoparticles populated mostly near the boundary between 
slopes of the { 1110 } and { 0110 } planesand on { 1110 } faces, suggesting that these relatively 
unsaturated zones on ZnO spheroids on each endare the key photoreduction sites for Ag+ and 
possibly for O2. The population of deposited Ag nanoparticles gradually decreased to the center of 
ZnO spheroids probably because a part of photoreduced Ag nanoparticles on unsaturated zones noted 
above diffused to { 0110 } planes and stabilized (Figure 3.6A, B).
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3.4.2. Assignments of formate species
In the FTIR spectrum for Cu–supported ZnO in CO2 + H2 [37, 38], the absorption peaks of 
formate species at 1580 cm1 and 1365 cm1 were assigned to as(OCO) and s(OCO), respectively 
(Table 3.2K). Formate species are widely accepted to be the reaction intermediate in the synthesis of 
methanol from CO (and/or CO2) and hydrogen over Cu–ZnO catalysts via Equation 3.5 [39].
2O (surface) + H2 + CO 12 (surface) + OH (surface) ???eq. 3.5
The as(OCO) and s(OCO) peaks were within/very near the wavenumber range for formate Species
B observed under 4.6 kPa of CO:as(OCO) at 1606–1592 cm1 and s(OCO) at 1361–1342 cm1
(Table 3.2). Species B was also reported as as(OCO) between 1587 and 1558 cm1 and s(OCO) 
between 1374 and 1359 cm1 for ZnO [40], ZnO/SiO2 [41], Cu/SiO2 [42], and Cu/ZnO/SiO2 [41] in 
gaseous formic acid (Table 3.2G–J), respectively. In the literature [40–42], Species B is considered to 
be bridging formate (Scheme 3.3A2). The minor difference in as(OCO) wavenumber in this study 
compared to those in References [40–42] can be attributed to the different surface; the surface 
hydroxy group to react with CO in this study versus the surface consisted of Zn-terminating sites and 
O-terminating site to react dissociatively with HC(=O)O–H [40–42].
A pair of Species B peaks was observed at 1602 cm1 and 1361 cm1 for Cu–spheroidal ZnO 
in 4.6 kPa of CO (Figure 3.8D1 and Table 3.2D1). The two peaks remained at 1592 and 1343 cm1 in 
vacuum (Figure 3.8D2 and Table 3.2D2). In contrast, another pair of peaks corresponding to Species 
A was observed at 1643 and 1442 cm1 in 4.6 kPa of CO and totally disappeared in vacuum.
The as(OCO) and s(OCO) peaks for formate Species A under 4.6 kPa of CO ranged from 
1649 to 1620 cm1 and 1442–1393 cm1, respectively (Table 3.2). Species A was unstable or totally 
disappeared under vacuum for Cu–spheroidal ZnO. Compared to the relatively stable Species B, 
Species A can be considered as unidentate formate (Scheme 3.3A2). The preferable formation of 
unidentate formate on the ZnO ( ) face has been reported [37, 38].
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Scheme 3.3. The proposed surface reaction steps for the photo-PROX reaction of CO in hydrogen 
gas via formate Species A and the route to accumulate inactive formate Species B for Cu–ZnOs.
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Under CO gas, the formate Species A was formed by the reaction of CO molecules with 
surface hydroxy groups (i.e., the ZnO ( ) face on disk-like and rod-like ZnO), whereas formic 
acid dissociatively adsorbs as Species A onto Zn-terminating surface sites (i.e., the ZnO (0001) face)
[43] or onto Cu ions over the ZnO surface. Thus, Species A was formed via the dissociative 
adsorption of formic acid on surface Zn and O ions to form Zn–O–C(=O)H and hydroxy species, 
whereas CO inserted into surface hydroxy groups under CO. This chemical difference led to the 
different populations of Species A derived from CO and formic acid.
The as(OCO) and s(OCO) peak intensities associated with Species A and B for spheroidal 
ZnO (0.014–0.030) were 54–66% (adjusted for sample weight) of that of corresponding peaks for 
Cu–spheroidal ZnO when the samples were under 4.6 kPa of CO (Figures 3.8D1, C1) or when the 
gaseous CO was evacuated (Figures 3.8D2, C2). Therefore, half as much formate species should be 
formed on or assisted by the Cu-ion sites for Cu–spheroidal ZnO.
In the comparison of total as(OCO) and s(OCO) peak intensities associated with Species A 
and B in 4.6 kPa of CO or after the evacuation, no clear trend was found among disk-like, spheroidal, 
and rod-like ZnOs (total peak intensity: 0.053–0.094 in CO and 0.012–0.037 after evacuation; Table 
3.2A, C, E) and among Cu–disk-like ZnO, Cu–spheroidal ZnO, and rod-like ZnO (total peak 
intensity: 0.135–0.162 in CO and 0.048–0.066 after evacuation; Table 3.2B, D, F). The total peak 
intensities did not correlate to the CO photo-PROX activity order (Table 3.3). Conversely, species B 
appeared only for spheroidal ZnO and Cu–spheroidal ZnO after evacuation of CO (Table 3.2C2, D2) 
among all samples measured for Figure 3.8. Thus, the preference to species B and destabilization of 
species A by added Cu (Table 3.2C2, D2) should be closely related to the best CO photo-PROX 
performance using Cu–spheroidal ZnO.
It should be noted that the formates (and CO) adsorbed on Cu ions (Figure 3.8) cannot be 
the intermediate in the CO oxidation reaction because Cu ions serve as electron traps and donor, as 
demonstrated by XANES, Ag+ photodeposition, and HR-TEM combined with elemental mapping. 
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Furthermore, no reduced products from CO, e.g. formaldehyde, methanol, or methane, were detected 
in this study. Thus, the relatively unstable Species A formed on the Zn sites by the CO insertion into 
surface hydroxy groups under CO is the potential intermediate to photooxidation to CO2. The 
well-satisfied, polar ( ) face should be favorable to form Species A on Zn (Scheme 3.3A1).
3.4.3. Coordination and distribution of adsorbed Cu sites
In the Fourier transform of the Cu K-edge EXAFS spectrum of the fresh Cu–spheroidal ZnO 
evacuated for 2 h (Figure 3.10A2), only the Cu–O interatomic pair was observed, and the N value 
was 3.7 based on the curve-fit analysis. The XANES spectra (pre-edge peak at 8978.3–8978.6 eV 
and a shoulder peak at 8983.1 eV) for as-prepared Cu–spheroidal ZnO negligibly changed if the 
sample was evacuated for 2 h at 290 K (Figures 3.9A2a, a’; B2a, a’). Thus, the Cu sites were
exclusively in the valence II under these conditions.
The N values for Cu–O for the fresh Cu–ZnOs were 4.3–3.2 similar to 4 for CuO (Table 3.4).
Slightly lower N value for fresh Cu–rod-like ZnO (3.2) should be due to desorption of adsorbed 
water, O2, or CO2 by evacuation at 290 K. The N(Cu–O) value of 3 was reported for Cu–ZnO [44, 
45] and CuO–ZnO/Al2O3 [46].
After the sample was irradiated with UV–visible light for 55 min (Figure 3.10B2), the 
interatomic distance of Cu–O changed negligibly from 0.1922 to 0.195 nm. The N value for Cu–O
slightly decreased to 3.2, and the Cu(–O–)Zn pair was observed at 0.300 nm based on the curve-fit 
analysis. No metallic Cu–Cu bond(s) were observed throughout this study (Table 3.4). As evaluated 
by XANES (Figure 3.9), 31% of CuII sites in fresh Cu–spheroidal ZnO was reduced to CuI after 
photocatalytic test for 55 min. Thus, theoretical N value for Cu–O pair in Cu–spheroidal ZnO after 
photocatalytic test would be 4 × 0.69 + 2 × 0.31 = 3.38 [36], almost in agreement with the 
experimental N(Cu–O) value of 3.2 (Table 3.4). The photoreduction to CuI in CO + O2 + H2 (0.0076 
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min1; Table 3.3B) negligibly proceeded under Ar (< 0.0005 min1), demonstrating the reduction 
proceeded e.g. a step in equation 3.6.
2CuII–O + H2 + 2e 2CuI–OH ???eq. 3.6
It should be noted that the amount of CuI sites was monitored (Figure 3.9) in the dynamic 
equilibrium of CO photo-PROX irradiated by UV–visible light (Scheme 3.3A). The reduction rates 
monitored in Figure 3.9C would be for CuI sites that did not quickly reoxidize for the O2 reduction 
(Scheme 3.3A4, 7).
The HR-TEM results and elemental mapping using Cu K(Figure 3.5B) indicated that CuII
ions were well dispersed on spheroidal ZnO. As a result, more Cu was populated on the edge region 
of the spheroid (i.e., ( ) and { 1110 }) than in thecentral region of the spheroid. In relation to the 
Cu distribution, photodeposition sites for Ag+ were observed predominantly on { 1110 } faces and 
the interface to { 0110 } faces. Thus, Cu ions preferably adsorb on the unsaturated { 1110 } faces of 
spheroidal ZnO during catalyst preparation and serve as electron trap sites for Ag+ ions. Furthermore, 
the charges generated by light irradiation in nanospheroidal ZnO easily reached the { 1110 } face 
with a relatively shorter diffusion length. The mean size of ZnO spheroids was 47 nm × 39 nm (ZnO;
Table 3.1B) or 35 nm × 24 nm (Cu–ZnO; Table 3.1F), by far shorter compared tothe reported 
electron diffusion length of 50– [47].
Conversely, Cu sites also interacted with CO. CuI sites formed by desorption of the surface 
O atoms of spheroidal ZnO adsorbed CO, as evidenced by an FTIR peak at 2090–2089 cm1 (Figure 
3.8D). The O vacancy on ZnO was reported in vacuum at 433 K [48] and in helium at 513–533 K
[49]. Owing to the presence of reducible CuII sites over ZnO surface, formed O vacancy in vacuum 
at 290 K should result in the CuI–CO peak in this study. The O vacancy formation on Cu–ZnO in 
vacuum was also reported, but at 873 K [50]. As discussed above based on Figures 3.9A2a, a’; B2a, 
a’, predominant Cu sites in Cu–spheroidal ZnO were valence II before the photocatalytic tests. 
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Furthermore, no reduced products from CO were detected in this study. Conversely, we did not 
detect any Cu0 sites in XANES (Figure 3.9) and EXAFS (Figure 3.10) after CO photo-PROX tests 
that are plausible if CuI–CO species was the intermediate to CO2. Furthermore, no CuI–CO peak was 
observed for decently active Cu–disk-like ZnO (Table 3.3A) under CO + O2 + H2 and UV–visible 
light, like Figure 3.8A2, in contrast that weak CuI–CO peak appeared for quite poor Cu–rod-like 
ZnO under the conditions, like Figure 3.8F2. Thus, the CuI–CO species were inert not to participate 
in catalysis and the CuI sites need to be free for the coordination of O2 (Scheme 3.3A3) to work as 
reduction sites.
The FTIR peak intensity [as(OCO), s(OCO)] due to formate Species A and B increased by 
1.5–1.9 times after the addition of 0.5 wt% Cu to spheroidal ZnO (Table 3.2). We suspect that the 
formate Species A (unidentate) was mainly associated with Cu (Figure 3.8D1) and unstable in 
vacuum (Figure 3.8D2). The preferable Cu distribution on edge regions (i.e., ( ) and { 1110 ))
rather than in the center (Figure 3.5B) along with the preferable population of unstable Species A on 
the well-satisfied, polar ( ) face are the key factors in converting CO to CO2 during the 
photo-PROX reaction (Scheme 3.3A1, 2).
3.4.4. Proposed CO PROX reaction mechanism
The following photo-PROX reaction steps are proposed: formate Species A is formed [51]
(Scheme 3.3A1 :;:"<*$	&3.3) and oxidized by photogenerated holes (Scheme 1A2:
5:"<*$	&3.7, 3.8).
HCO2(surface) + h+  H+CO2(surface) ???eq. 3.7
H+CO2(surface) CO2 + H+(surface) ???eq. 3.8
Surface CuII sites, which populate preferably on unsaturated edge sites of spheroidal ZnO, e.g.,
{ 1110 } faces, are reduced by photogenerated electrons (2:;8: and O2 is reduced by electrons 
via Cu-ion trapping sites coupled with protons of oxidized formate species H+CO2 across the 
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crystalline face boundary (3; =8 	 %& 0	 surface hydroxy groups (Scheme 
3.3A7:"<*$	&3.4). The separation of photooxidation and photoreduction sites was reported 
depending on the crystal face (e.g., {001} and {101}) of TiO2. [38–41] In the case of Cu–spheroidal 
ZnO, we suspect that the Species A on the ( ) face and Cu sites on the { 1110 } face should be 
very close, enabling proton transfer (Scheme 3.3A3 and 6) and hydroxy restoration (78> ?& 
context that a proton transfer controlled the catalysis, this proposed mechanism including proton 
transfer from formate species is closely related to CO PROX mechanism on Au/TiO2 catalyst, 
whereas proton transfer from carboxy intermediate on Au was proposed in Reference 56. Although 
following equation 3.9 is four-electron process, reaction mechanism proposed in Scheme 3.3
proceeds by two photons to form two pairs of electrons and holes utilizing hydroxy groups (equation 
3.10–3.14).
2CO + O2  2CO2 ???eq. 3.9
2Cu2+ + 2e  2Cu+ ???eq. 3.10
O2(surface) + 2H+(surface) +2Cu+  2HO(surface) + 2Cu2+ ???eq. 3.11
2CO + 2HO(surface) 2HCO2(surface) ???eq. 3.12
2HCO2(surface) + 2h+  2H+CO2(surface) ???eq. 3.13
2H+CO2(surface)  2CO2 + 2H+(surface) ???eq. 3.14
Thus, the quantum efficiency of this reaction was calculated to 0.059% for Cu–spheroidal ZnO 
(Table 3.3B). It should be noted ~81% of incident UV–visible light was transmitted through the 
photocatalyst under the conditions of CO PROX tests in this study and the effective quantum 
efficiency would be 0.31% for Cu–spheroidal ZnO. Species B should be accumulated (Scheme 
3.3A2) and eventually become inert.
The CO removal rate and rate constant kPROX for Cu–)(	$'.&6=	1 gcat1 and 
0.031 min1) could not reach the values using Au–TiO2 	1 gcat1 and 0.141 min1) by 
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12–4.5 times under similar reaction conditions (11 mg, 290 K, initial pressure H2 6.3 kPa, CO 63 Pa, 
O2 150 Pa, no light; see Chapter 2), but the kPROX for Cu–spheroidal ZnO was on the same order as 
the one for CuO/CeO2 (0.085 min1). The Cu–spheroidal ZnO photocatalysts sustainably substitute 
inexpensive Cu and Zn for Au [25, 56] or Ce [28, 57] under the condition that enough area is 
available for the irradiation of sunlight.
The photogenerated holes would not reach Species A (Scheme 3.3B) in rod-like ZnO (mean 
length = 440 nm and mean diameter = 80 nm; Table 3.1C) based on the hole diffusion length of 
240–440 nm [58, 59]. The length in the [0001] direction of the rods should limit the CO PROX 
activity for rod-like ZnO and Cu–rod-like ZnO.
Conversely, formate Species A were clearly observed for Cu–disk-like ZnO (Figure 3.8B), 
likely from the reaction of CO with the predominant ( ) face. In fact, such Species A were 
suggested to be good intermediates to CO2 in the CO photo-PROX reaction for ZnOs. Cu (0.5 wt%) 
was also stably adsorbed on disk-like ZnO (Table 3.1E); however, Cu–disk-like ZnO was inferior to 
Cu–spheroidal ZnO in terms of CO photo-PROX activity (Table 3.3A, B). One possible explanation 
is that the effective separation of photooxidation and photoreduction sites was difficult for 
Cu–disk-like ZnO compared to the photooxidation of Species A on the ( ) face and the 
photoreduction of O2 on Cu ions on the { 1110 } faces for Cu–spheroidal ZnO (Scheme 3.3A).
3.5. Conclusions
The anisotropic effects of ZnO on the CO photo-PROX reaction using Cu–ZnO along with
the distribution and the role of adsorbed CuII ions were investigated in this study. The order of CO 
photo-PROX activity was Cu–spheroidal ZnO > Cu–disk-like ZnO ? Cu–rod-like ZnO. For 
comparison, the photogenerated electron transfer ratesto surface CuII sites for Cu–ZnO were
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monitored using XANES and followed the order: Cu–disk-like ZnO ~ Cu–spheroidal ZnO > 
Cu–rod-like ZnO.
The distributions of Cu2+ sites and reduction sites for Ag+ ions over spheroidal ZnO 
crystallites were investigated using elemental mapping and TEM. Cu2+ ions populated more at the 
edge regions rather thanat the center regions of spheroids. EXAFS demonstrated that the Cu ions 
were atomically dispersed on ZnO. The Ag particles formed under irradiation with UV–visible light 
in the presence of ethanol deposited predominantly over the slope { 1110 } faces and the interface to 
{ 0110 } faces of spheroidal ZnO crystallites. Thus, { 1110 } faces were suggested to be the key 
photoreduction sites for O2. Conversely, two types of formate species were detected for ZnO and 
Cu–ZnO samples under CO gas using FTIR via the reaction of CO and surface hydroxy groups. 
Species A, which appeared at 1649–1620 cm1 and 1442–1393 cm1, was relatively unstable and 
assigned to unidentate formate. Species B, which appeared at 1606–1592 cm1 and 1361–1342 cm1,
was assigned to bridging formate. The well-satisfied, polar ( ) face should be favorable to form 
unidentate formate on Zn.
A plausible reaction mechanism for the CO PROX reaction using the most efficient 
Cu–spheroidal ZnO photocatalyst was proposed as follows. Species A was formed on the ( )
face of spheroidal ZnO via the reaction between CO and surface hydroxy groups and oxidized by 
photogenerated holes. The surface Cu2+ sites, which formed preferably on the unsaturated { 1110 }
edge faces of spheroidal ZnO, trapped and donated photogenerated electrons to O2. Charge 
recombination between cations and anions then occurred via proton transferfrom the oxidized 
formate species H+CO2 to [O2]‡ species near the boundary of the ( ) and { 1110 } faces. One 
more proton transfer coupled to CO oxidation to [HO2]‡ species would restore two hydroxy groups 
to complete a catalytic cycle (Scheme 3.3A).
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Chapter 4. Binary MOF 
 
4.1. Introduction
Characteristic morphologies of MOFs were applied for preparation of nanomaterials
retained the morphologies [1]. Recently, nanosized metal oxide/sulfide and layered double hydroxide 
(LDH) have been synthesized utilizing MOF as a replica for the crystalline morphology and MOF as 
a core template followed by the elimination of MOF to form hollow LDH, respectively [2]. The 
synthesis of core–shell nanocomposites of Cu3(btc)2 and anatase TiO2 (210-nm thickness) has also 
been reported [3]. Cu3(btc)2 was also used for a precursor to synthesize well-dispersed CuO/CeO2
catalyst for CO PROX reaction [4].
MOFs were also used for supports of metal or metal oxide nanoparticles [5, 6]. For example,
M/MIL101(Cr) (M = Au, Cu, or Pd) for several organic reactions [7], Au/ZIF8 for CO oxidation [8],
Ni/MOF5 for hydrogenation [9], Cu/MOF5 for methanol synthesis and Au/MOF5 for CO oxidation, 
and Pd/MOF5 for cyclooctene hydrogenation [10], TiO2/MOF5 for oxidation of alcohol [11].
For heterogeneous catalysis, metal–support interfaces have frequently been considered as 
active sites [12–15]. The interface between the nanoparticles and the metal oxide support is believed 
to play a crucial role in the catalysis. The examples of metal–support interfaces are copper 
nanoparticles on zinc oxide for methanol synthesis [12], rhodium nanoparticles on titanium oxide for 
hydrogenations [13], ruthenium nanoparticles promoted with alkali metal on carbon for ammonia 
synthesis [14], and gold nanoparticles on TiO2 for preferential oxidation (PROX) of CO [15].
However, in nature, the interfaces have been difficult to characterize by spectroscopic or 
physicochemical methods.
Recently, oxyhydroxy metal clusters, e.g., [Zr6O4(OH)4]12+ [16], [Al12O(OH)18]16+ [17], and 
[Ti8O8(OH)4],12+ [18] were linked using organic molecules containing more than two anionic 
functional groups, e.g., terephthalate (1,4-benzene dicarboxylate; bdc), 1,3,5-benzene tricarboxylate 
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(btc), and bipyridine [19], to form MOFs. In this study, [Ti8O8(OH)4]12+ cluster, tetragonally linked 
by bdc ligands (MIL125), was chosen as a model of TiO2 support (Figure 4.1). The interface between 
[Ti8O8(OH)4]12+ and added Cu species during catalyst synthesis was characterized and evaluated for 
CO PROX in predominantly H2 gas as a interface model for CuO/TiO2. Catalysis using Cu oxides 
supported on TiO2 was reported for use of CO oxidation [20, 21], methane combustion [22], NOx
decomposition [23], and photocatalytic water splitting [24].
Figure 4.1. Crystal strucuture for MIL125 (hydrogen atoms are omitted).
???????
???
??
??
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4.2. Experimental
4.2.1. Syntheses of model catalysts
MIL125 with a formula of Ti8O8(OH)4·(bdc)6 was synthesized via the reported procedure 
[18]. In brief, 3.75 mmol of Ti(IV) tetrabutoxide (>95%, Wako Pure Chemical) was mixed with 45 
mL of N,N-dimethylformamide (DMF; >99.5%, Super dehydrated grade, Wako Pure Chemical) and 
5.0 mL of methanol (>99.8%, Super dehydrated grade, Wako Pure Chemical). Terephthalic acid (15 
mmol, >95%, Wako Pure Chemical) was added to the solution and dissolved. The mixed solution 
was magnetically stirred for 5 min at 300 rpm at 290 K. Subsequently, the solution was transferred 
into a Teflon-lined autoclave (TVS-N2-100, Taiatsu Techno; the inner volume 100 mL) and heated at 
423 K for 20 h. The white precipitate thus obtained was filtered using a 0.2-m-pore 
polytetrafluoroethylene membrane filter and washed several times with DMF (total 60 mL) and 
acetone (total 90 mL; >99.5%, Wako Pure Chemical). The obtained powder was dried in air at 353 K 
for 12 h and heated in vacuum at 473 K for 6 h.
Cu was embedded in MIL125 using the following procedure (Scheme 4.1). Using a mortar 
and pestle, 200 mg of MIL125 and 102 mg of Cu(II) acetate monohydrate (>99.8%, Wako Pure 
Chemical) were well mixed for 10 min. The mixture was treated in vacuum (106 Pa) at 290 K for 1 
h. The resultant powder was heated at 473 K under 25 kPa of H2 for 3 h. This reduction step was 
aimed for the growth of metallic Cu nanoparticles inside the nanopores of MIL125 (Chart 1A). The 
color of the powder changed from light blue to red, indicating the formation of metallic Cu 
nanoparticles in the sample. The sample was calcined in air at 573 K for 2 h. If the reduction step in 
H2 was skipped, the crystalline of MIL125 was critically decomposed and 15 nm of CuO particles 
significantly greater than the nanopores (1.7 nm) of MIL125 were formed based on the XRD analysis. 
The obtained lime green powder was denoted as Cu/MIL125-S-ratio, in which the ratio was the 
atomic ratio of Cu/Ti. The atomic ratio of Cu/Ti was fixed at 1/2 (Table 4.1).
0.4 mL of Cu nitrate (0.5 mmol; >99.9%, Wako Pure Chemical) aqueous solution was 
  92 
prepared and 200 mg of MIL125 was added. The mixture was magnetically stirred at 300 rpm and 
290 K for 20 min and the water was evaporated at 353 K. The atomic ratio of Cu/Ti was basically set 
to 1/2, but varied between 0 and 1 (0/1, 1/4, 1/2, 3/4, and 1/1) by incorporating 0.4 mL of Cu nitrate 
(0–1.0 mmol) for comparative purposes (Table 1). The powder was calcined in air at 553 73 K for 
2 h. The obtained green and brown samples by impregnation method prepared via impregnation of 
MIL125 with Cu nitrate aqueous solution and calcination were denoted as Cu/MIL125-I-T-ratio, in 
which T was the calcination temperature (K) and the ratio was the atomic ratio of Cu/Ti (1/4, 1/2, 3/4, 
and 1/1). MIL125-I-573-0/1 was a control sample that was obtained from the impregnation 
procedure without Cu salt. The reaction of Cu ions with [Ti8O8(OH)4]12+ cluster occurred and the 
framework of MIL125 was lost if solution was used. Therefore, reduction step in H2 employed for 
Cu/MIL125-S-1/2 aiming to grow metallic Cu nanoparticles inside the manopores of MIL125 was 
not followed for impregnated samples.
JRC-TIO-6 [rutile-type TiO2, mean particle size 15 nm, the BET surface area (SBET) 100 m2
g1; Catalysis Society of Japan (CSJ)], JRC-TIO-7 (anatase-type TiO2, mean particle size 8 nm, SBET
270 m2 g1; CSJ), and P25 (TiO2, anatase/rutile phase = 8/2, SBET 60 m2 g1; Degussa) [25] were used 
as references. Cu was embedded via solid-state reaction with or impregnated by the incipient wetness 
method with these TiO2 samples and calcined at 573 K. These samples were denoted as Cu/brand of 
TiO2-S (via solid-state reaction) and Cu/brand of TiO2-I (by the impregnation method; Table 1).
CuO/CeO2 catalyst was prepared via co-precipitation method [26]. Aqueous solution of Cu 
nitrate (0.15 M, 10 mL) and diammonium Ce(IV) nitrate (0.075 M, 100 mL; >95.0%, Kanto 
Chemical) was prepared, and sodium carbonate aqueous solution (24 mL, 7 weight %) was added to 
the mixed solution in 1 h at 290 K, and then set still at 290 K for 30 min. The precipitate was filtrated 
using a JGWP04700 filter and washed several times with deionized water (<0.05 S cm1; total 400 
mL). The obtained green powder was dried at 383 K for 18 h, followed by calcination at 573 or 923 
K for 4 h. These samples were denoted as CuO/CeO2-T in which T was the calcination temperature 
(K; Table 1). A reference Au/TiO2 catalyst was prepared via the deposition–precipitation method [27,
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28]. 2.5 mM hydrogen tetrachloroaurate(III) tetrahydrate was added over 1 h to TiO2 (0.95 g) and 
was suspended in a minimum amount of deionized water. Then, a 25 mM urea solution (100 mL) 
was added to the suspension over 90 min. The mixture was stirred at 353 K for 21 h in the absence of 
light. The powder obtained was filtered using a 1G glass filter, washed with deionized water (total 
150 mL), and dried at 353 K for 18 h. The light yellow-green powder obtained was calcined in air 
with an elevation rate of 4 K min1 and was maintained at 573 K for 4 h. The Au content in the 
purple powder finally obtained was 5.0 wt%.
Table 4.1. List of catalyst samples and the explanation of preparation method
Catalyst name Synthesis method
Atomic ratio 
of metals
T *1 (K)
MIL125 Solvothermal treatment
353
473 [vacuum]
Cu/MIL125-S-1/2 Solid-state method Cu/Ti = 1/2
473 [H2]
573
Cu/MIL125-I-553-1/2
Impregnation
Cu/Ti = 1/2 553
MIL125-I-573-0/1 Cu/Ti = 0/1
573
Cu/MIL125-I-573-1/4 Cu/Ti = 1/4
Cu/MIL125-I-573-1/2 Cu/Ti = 1/2
Cu/MIL125-I-573-3/4 Cu/Ti = 3/4
Cu/MIL125-I-573-1/1 Cu/Ti = 1/1
Cu/MIL125-I-613-1/2 Cu/Ti = 1/2 613
Cu/MIL125-I-613-1/1 Cu/Ti = 1/1 613
Cu/MIL125-I-633-1/2 Cu/Ti = 1/2 633
Cu/MIL125-I-673-1/2 Cu/Ti = 1/2 673
Cu/P25-S (13.5 wt % Cu) Solid state method
Cu/Ti = 1/5
473 [H2]
573
Cu/P25-I (13.5 wt% Cu)
Impregnation 573Cu/JRC-TIO-6-I (13.5 wt% Cu)
Cu/JRC-TIO-7-I (13.5 wt% Cu)
CuO/CeO2-573
Co-precipitation Cu/Ce = 1/5
573
CuO/CeO2-923 923
Au/TiO2 Deposition-precipitation Au/Ti = 1/48 573
*1 Heating temperature typically under air (parentheses in the column shows conditions except air).
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Scheme 4.1 Flow chats for syntheses of Cu/MIL125-I and Cu/MIL125-S.
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4.2.2. Characterization
N2-adsorption measurements were performed at 77 K in the pressure range 1.0–40 kPa in a 
vacuum system (10–6 Pa). The samples (10–100 mg) were evacuated and heated from 290 K to 423 
K at a ramping rate of 4 K min1 and maintained at 423 K for 2 h as pretreatment. The SBET value 
was calculated using eight points in the adsorption isotherm.
The XRD pattern was observed using a D8 ADVANCE diffractometer (Bruker) at the 
Center for Analytical Instrumentation, Chiba University at a Bragg angle (B) of 2B = 5.0°–60° with 
a scan step of 0.02° and a scan rate of 3 s per step. The measurements were performed at 40 kV and 
40 mA using Cu Kemission ( = 0.15419 nm ) [29, 30] and a nickel filter. The sizes of crystallines 
(t) were estimated based on the Scherrer equation:
Scherrers equation:  =  
.

???eq. 4.1
, where D is the size of the crystalline,  is the wavelength of tha irradiated X-ray, B is the full width 
at half maximum, and B is the Bragg angle.
HR-TEM images were obtained using a Model H-7650 (Hitachi). The samples were 
mounted on Cu mesh (150 mesh per inch) coated with a copolymer film of polyvinyl alcohol and 
formaldehyde (Formvar, Monsanto) and deposited carbon. A tungsten filament was used in the 
electron gun and the electron accelerating voltage was 100 kV. The magnification was between 60 
000 and 600 000 times.
FTIR spectra were measured using a Model FT/IR-4200 spectrophotometer equipped with a 
mercury-cadmium-tellurium-M detector (JASCO) in the wavenumber region between 4000 and 650 
cm1. The energy resolution was set to 2 cm1. A catalyst sample disk (= 20 mm, 4.0 mg with 200 
mg of KBr) was positioned perpendicular to the IR beam.
Ti K and Cu K-edge XAFS spectra were measured at 290 K in a transmission mode on a 
beamline 9C in the Photon Factory and NW10A in the Photon Factory Advanced Ring at the High 
Energy Accelerator Research Organization (Tsukuba). The storage ring energy was 2.5 GeV and the 
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ring current was 450 mA for Ti K-edge. The values were 6.5 GeV and 37–54 mA for Cu K-edge. A 
Si(1 1 1) and Si(3 1 1) double-crystal monochromator was inserted in the X-ray beam path. The 
X-ray intensity was maintained at 65% of the maximum flux using a Piezo translator set on the 
crystal. The slit opening size in front of the I0 ionization chamber was 1.0 mm (vertical) × 2.0 mm 
(horizontal). The I0 and It ionization chambers were purged with a mixed gas of N2 (70%) + He 
(30%) (I0) and N2 (It) for Ti K-edge and N2 (I0) and a mixed gas of N2 (85%) + Ar (15%) (It) for Cu 
K-edge. The Ti K and Cu K-edge absorption energy values were calibrated to 4964.5 and 8980.3 eV, 
respectively, for the spectra of Ti and Cu metal foils [19, 20]. The energy position of the 
monochromator was reproduced within ±0.1 eV.
The XAFS data were analyzed using an XDAP package [31]. The analytical procedure has 
been described previously [32–34]. Multiple shell curve fit (CF) analyses were performed for the 
Fourier-filtered k3-weighted EXAFS data in k- and R-space using empirical amplitude and 
phase-shift parameters extracted from the EXAFS data of JRC-TIO7 for Ti–O and Ti(–O–)Ti 
interatomic pairs, CuO powder for Cu–O and Cu(–O–)Cu interatomic pairs, and Cu metal for Cu–Cu
interatomic pair. The interatomic distance (R) and its associated coordination number (N) values for 
the Ti–O, Ti(–O–)Ti, Cu–O, Cu(–O–)Cu, and Cu–Cu interatomic pairs were set to an R value of 
0.1949 nm with an N value of 6, an R value of 0.3039 nm with an N value of 4, an R value of 0.1956 
nm with an N value of 4, an R value of 0.3028 nm with an N value of 10, and an R value of 0.2553 
nm with an N value of 12, respectively, on the basis of their crystal structures [35]. The 
Debye–Waller factor (
2) value was with reference to that for the model parameter (
2).
4.2.3 CO PROX tests
Most of the CO PROX reaction tests in predominant H2 were performed as follows: 50 mg of 
catalyst was placed in a Pyrex reactor connected to a closed circulating system (total volume 0.142 
L) and evacuated (106 Pa) for 2 h at 290 K. Then, the sample was heated to 323 K and reaction gas 
(H2 370 mol, CO 3.7 mol, O2 4.5 mol) was introduced to the system. The gas flow rate was 0.33 
97 
L min–1. The products and reactants were analyzed using columns of Molecular Sieve 13X-S and 
polyethylene glycol-6000 on Flusin P (GL Sciences) set in an online gas chromatograph equipped 
with a thermal conductivity detector (GC-TCD; Shimadzu, Model GC-8A). Independently, 19 mol 
of CO2 and/or moisture was mixed to above reaction gas (H2 + CO + O2) and the effects on CO 
PROX reaction were tested at 323 K. The changes in CO pressure during the PROX reactions was fit 
to the following first-order reaction equation (eq. 4.2 and 4.3):
???eq. 4.2
???eq. 4.3
Figure 4.2. The closed circulating system used for CO PROX reaction at 323 K.
98 
To evaluate the dependence of reaction system and/or reactant pressure, CO PROX tests in 
predominant H2 were also performed using a gas flow system for representative catalysts. 100 mg of 
catalyst was placed in a Pyrex reactor (internal diameter 4 mm) and 101 kPa of mixed gas (O2 1%, 
N2 99%) was flowed at a rate of 10 mL min1 for 1 h at 323 K. Then, the gas was switched to 101 
kPa of reaction gas (CO 0.5%, O2 0.5%, H2 49.5%, N2 49.5%) and the flow rate was 20 mL min1.
The products and reactants in the exit gas (40 mL time1) were analyzed using GC-TCD in a similar 
way to that for closed circulating system.
Figure 4.3. The gas flow system used for CO PROX reaction at 323 K.
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4.3. Results
4.3.1. XRD, BET, FTIR, SEM, and TEM analyses
Figure 4.4 shows XRD patterns for as-prepared MIL125, Cu species-supported MIL125s 
and reference TiO2’s. The crystalline sizes estimated using eq. 4.1 (106–5.0 nm) and the values of 
SBET were listed in Table 4.2. In the XRD pattern for as-prepared MIL125 (Figure 4.4A-a), four 
peaks appeared at 6.94°, 9.61°, 9.90°, and 11.82° due to 011, 020, 002, and 121 reflections of 
MIL125 in range between 5 and 12°. The pattern of Figure 4.4A-a was very similar to reported XRD 
patterns for MIL125 [18], demonstrating that MIL125 crystallines were nicely synthesized with the 
size of 94 nm. No peaks due to impurity, e.g. anatase or rutile, were observed in Figure 4.4B-a. The
SBET value was 852 m2 g1 (Table 2a).
For Cu/MIL125-S-1/2, the four peaks due to MIL125 became weaker and broader. XRD 
peak intensity decreased to 26%–44% of the corresponding peaks for MIL125 and the peak position 
shifted by 0.03–0.06° to lower angles (6.88°, 9.58°, 9.83° and 11.76°; Figure 4.4A-b). The size of
crystalline decreased to 25 nm from 94 nm by insertion of Cu species, on the other hand the SBET
value reduced to 349 m2 g1 (Table 4.2b).
The peak pattern for MIL125 (Figure 4.4A-a) changed to totally different one for 
Cu/MIL125-I-573-1/2 (Figure 4.4A-d3). Main peaks appeared at 8.38° and 9.22°. The peaks at 6.94° 
and 9.61° for tetragonal MIL125 were assigned to the 011 and 020 diffractions [18]. Assuming that 
the tetragonal and body-centered framework for MIL125 (a = 1.86 nm; c = 1.81 nm) was preserved
in this unknown structure denoted Compound 1 for Cu/MIL125-I-573-1/2, the two peaks can be 
ascribed to the 011 and 020 planes, respectively, with lattice parameters a = 1.936 nm and c = 1.277 
nm. This assumption of tetragonal body-centered structure was justified based on the theoretical 
XRD pattern using Diamond version 3.2 obtained by calculating crystal structure factors (Figure
4.4A-g) [37]. The angle and the intensity ratio for major peaks at 8.38°, 9.22°, 12.42°, and 16.72°, 
assignable to the 011, 020, 121, and 022 diffractions (Figure 4.4A-d3), were exactly reproduced in 
  100 
the theoretical pattern (8.29°, 9.21°, 12.40°, and 16.62°, respectively) calculated for the model 
structure containing MIL125 sheets and [Cu2(OH)6]2 linkers (Scheme 4.2; vide infra). Furthermore, 
the model structure was refined via the Rietveld algorithm using TOPAS 4.2 (Bruker). The refined 
pattern resembled pattern e given by Diamond 3.2, however, if the anisotropy in the direction of 010 
and 121 was also considered in the refinement, the theoretical pattern (8.37°, 9.21°, 12.43°, 13.96°, 
and 16.72°) assignable to the 011, 020, 121, 002, and 022 diffractions was nearly completely 
reproduced (Figure 4.4C-h). A weak peak in the theoretical pattern h, the 031 plane at 15.47°, did not
clearly appear in experimental pattern d3 and the 040 peak at 18.41° in pattern d3 was weak in 
pattern h probably because of imperfect crystallinity, anisotropy, and/or the detection limit of the 
apparatus. Moreover, the weak experimental peak at 8.93° and 17.83 (pattern d3) was absent in 
pattern h, presumably due to formation of a different very minor crystal lattice. The theoretical XRD 
pattern (Figure 4.4A-g, C-h) calculated for model B’ (Scheme 4.2) was similar to experimental one 
(Figure 4.4A-d3), as discussed above.
The XRD pattern due to Compound 1 was also confirmed when calcinations temperature 
was changed from 553 K to 613 K, while the XRD pattern completely disappeared at 633 K which 
was the same temperature as decomposition temperature of MIL125 reported in reference 18 (Figure 
4.4A-c–f). The maximal SBET was obtained at 633 K (337 m2 g1; Table 4.2e1), whereas the 
crystalline size at 553–613 K evaluated from equation 4.1 was as high as MIL125 (85–106 nm; Table 
4.2a–e).
For Cu/MIL125-I-573 samples, Cu/Ti atomic ratio was changed from 1/4 to 1/1. The height 
of XRD peaks due to Compound 1 apparently decreased when Cu/Ti ratio was set to 3/4 and 1/1
(Figure 4.4A-d2–d5). Crystalline size also decreased from 92–106 nm to 51–68 nm (Table 4.2d2–d5).
The maximal SBET was obtained when Cu/Ti was set to 1/2 (320 m2 g1; Table 4.4d3). In addition, 
Cu/MIL125-I-613-1/1 was prepared and decomposition of Compound 1 was confirmed (Figure 
4.4A-e2). MIL125 structure was retained in MIL125-I-573-0/1 synthesized similar to impregnation 
method without Cu precursor as a control, indicating Cu was nessasary to form Compound 1 (Figure 
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4.4A-d1).
Formation of impurity phase such as anatase and CuO was also observed in XRD patterns 
for Cu/MIL125-I’s. The peak at 25.3° ascribed to anatase was observed in all of Cu/MIL125-I
samples. The crystalline size and peak intensity was constant among Cu/MIL125-I’s (3.8–4.5 nm, 
200–300 cps, respectively; Figure 4.4B-c–f), even Compound 1 completely decomposed samples. 
7.2–13.4 nm of CuO in the mean crystalline size was also confirmed when calcinations temperature 
and Cu/Ti ratio reached to 613 K and 3/4, respectively (Figure 4.4B-d4, d5, e1, e2, f; Table 4.2 d4,
d5, e1, e2, f).
When reference TiO2’s were used as support for CuO, greater CuO particles were formed
compared to that for Cu/MIL125 (Table 4.2). The order of CuO particle size was Cu/JRC-TIO7-I
(too small to measure) < Cu/P25-S (19 nm) < Cu/P25-I (23 nm) < Cu/JRC-TIO6-I (37 nm).
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Figure 4.4. (A, B) XRD patterns for MIL125 (a), Cu/MIL125-S-1/2 (b), Cu/MIL125-I-553-1/2 (c), 
MIL125-I-573-0/1 (d1), Cu/MIL125-I-573-1/4 (d2), Cu/MIL125-I-573-1/2 (d3),
Cu/MIL125-I-573-3/4 (d4), Cu/MIL125-I-573-1/1 (d5), Cu/MIL125-I-613-1/2 (e1), 
Cu/MIL125-I-613-1/1 (e2), Cu/MIL125-I-633-1/2 (f), and Cu/MIL125-I: model B’ (Scheme 4.2) (g).
Patterns g and h were calculated using Diamond 3.2 [27] and refined by Rietveld algorithm using 
TOPAS 4.2, respectively. (C) The residue was between pattern d3 and h. (?: anatase, ?: CuO)
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In the FTIR spectra for Cu/MIL125-I-1/2 (Figure 4.5), the peak intensity centered at 1546, 
1397, and 1019 cm1 because of coupling modes of (C=C) + (CCH) + (CH), (C=C) + 
(C=C–C), and (CCC) + (CCH) due to terephthalate [38] decreased to two-thirds, one-half, and 
one-third by calcination at 553, 573, and 613 K, respectively (Figure 4.5b–d), compared with intact 
MIL125 (a).
Figure 4.5. FTIR spectra for MIL125 (a), Cu/MIL125-I-553-1/2 (b), Cu/MIL125-I-573-1/2 (c), and 
Cu/MIL125-I-613-1/2 (d).
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The stability of Cu/MIL125-I-573-1/2 and Cu/MIL125-I-613-1/2 catalysts was checked by 
XRD, BET and FTIR after CO PROX tests (Figure 4.6). Mean crystalline size based on eq. 4.1 of 
Compound 1 after PROX was slightly reduced to 87–90% of that before PROX. Conversely, the 
changes of SBET values and the amount of terephthalate critically depended on samples
(Cu/MIL125-I-573-1/2 and Cu/MIL125-I-613-1/2): 74% vs 99% (SBET), and 80% vs 96% (the 
amount of bdc; Figure 4.6B), respectively.
Figure 4.6. (A) XRD patterns for Cu/MIL125-I-573-1/2 before (a) and after PROX test (b) and 
Cu/MIL125-I-613-1/2 before (c) and after PROX test (d). (B) FTIR spectra for 
Cu/MIL125-I-573-1/2 before (a) and after PROX test (b) and Cu/MIL125-I-613-1/2 before (c) and 
after PROX test (d).
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Regular framework structure was suggested in TEM image for MIL125 (Figure 4.7A). In 
the TEM image for Cu/MIL125-S-1/2, 5.9-nm mean size CuO particles were observed on MIL125
(Figure 4.7B). The number of the CuO nanoparticles was very few and corresponded to 
approximately 8 atomic %. The population of CuO nanoparticles for CuO (13.5 wt %)/SiO2 was used 
as a standard in HR-TEM image. As the result, CuO seen for Cu/MIL125-S was 8% of that for CuO 
(13.5 wt %)/SiO2. In the Cu/MIL125-I-573-1/2 HR-TEM images, fringes with an interval of 4.1 nm 
were observed that crossed the other fringes perpendicularly with the same interval (Figure 4.7C, 
inset). Considering the spatial resolution (2–3 nm) of the HR-TEM apparatus, three repetitions of 
perpendicular 110 and 1 0 planes would be observed with intervals of 1.37 × 3 nm (a = 1.936 nm).
Figure 4.7. HR-TEM images for MIL125 (A), Cu/MIL125-S-1/2 (B), and Cu/MIL125-I-573-1/2 
(C).
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4.3.2. Ti K-edge and Cu K-edge XANES spectra
The local structure and electronic states of Ti in MIL125 were monitored by Ti K-edge 
XANES (Figure 4.8D-a). In the XANES spectrum, a broad peak above the absorption edge appeared 
at 4989.7 and 4994.4 eV. Pre-edge peaks due to 1s–3d transition were at 4967.8, 4970.3 and 4973.5 
eV. The spectral pattern of MIL125 was totally different from that of JRC-TIO7 (anatase) and 
JRC-TIO6 (rutile) (Figure 4.8D-e, f). The XANES spectra for Cu/MIL125-S-1/2 were similar to that 
of MIL125 (Figure 4.8D-b), indicating the MOF framework was intact by the hydrogen treatment at 
473 K with Cu acetate and subsequent calcination at 573 K.
In case of Cu/MIL125-I-573-1/2, the XANES spectrum was relatively similar to the 
spectrum for rutile (Figure 4.8D-c). The position of twin intense peaks above the absorption edge
was at 4986.9 and 4989.3 eV and broad shoulder peak at 5002.5 eV, corresponding to peaks at 
4986.2, 4991.0, and 5003.5 eV in the spectrum for JRC-TIO6 (rutile; Figure 4.8D-f). The Ti K-edge 
XANES generated using FEFF8.4 [39] (Figure 4.8D-d) for model B’ below-mentioned (Scheme 4.2)
were consistent with the spectrum of Cu/MIL125-I-573 (Figure 4.8D-c).
Cu K-edge XANES spectra for Cu/MIL125-S-1/2, Cu/MIL125-I-573-1/2,
Cu/MIL125-I-613-1/2, and Cu/JRC-TIO7-I (Figure 4.8A-a, b, c, e) were not fitted to that for bulk 
CuO (Figure 4.8A-f), while the spectrum for Cu/P25-I (Figure 4.8A-d) was apparently similar to that 
for CuO. pre-edge peaks at 8980.5 eV due to Cu 1s-3d transition were confirmed in each catalysts 
(Figure 4.8B), indicating valence of Cu was II in all catalysts. The Cu 1s-3d pre-edge peak intensity 
reflected the symmetry of Cu sites [40]. The peak was weak (0.0035) for quasi-Oh Cu sites in CuO 
(Figure 4.8B-f), whereas the peak intensity for Cu/MIL125-S-1/2 and Cu/P25-I was greater (0.010; a, 
d), and even increased to 0.012–0.013 for Cu/MIL125-I-573-1/2 and Cu/MIL125-I-613-1/2 (b, c), 
demonstrating a decrease of symmetry at the Cu sites. The entire pattern of Cu K-edge XANES for 
Cu/MIL125-I-573-1/2 was exactly reproduced as the theoretical spectrum for model B’ 
below-mentioned and acceptably reproduced as the theoretical one for model A’ below-mentioned 
(Figure 4.8C, Scheme 4.3).
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The weight of Cu in Cu/MIL125 was evaluated from intensity of edge jump in Cu K-edge 
XANES spectra. The results listed in Table 4.2. For Cu/MIL125-I-1/2, Cu weight increased from 
15.7 wt% to 37.4 wt% when calcinations temperature rose from 553 K to 673 K, decomposition of 
Compound 1 by calcinations.
Figure 4.8. (A) Cu K-edge XANES for Cu/MIL125-S-1/2 (a), Cu/MIL125-I-573-1/2 (b), 
Cu/MIL125-I-613-1/2 (c), Cu/P25-I (d), Cu/JRC-TIO-7-I (e), and CuO (f). (B) Expanded view for 1s-3d
pre-edge peak region of panel A. (C) Cu K-edge XANES for Cu/MIL125-I-573-1/2 and theoretically 
generated one for Models A’ and B’ in Chart 2 using FEFF version 8.4 [39]. (D) Ti K-edge XANES spectra for 
MIL125 (a), Cu/MIL125-S-1/2 (b), Cu/MIL125-I-573-1/2 (c), Model B’ in Charts 1 and 2 (d), JRC-TIO-7 (e), 
and JRC-TIO-6 (f). Spectrum d was theoretically generated using FEFF 8.4 [39].
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4.3.3. Ti K-edge and Cu K-edge EXAFS spectra
The k3-weighted EXAFS  oscillation and its associated Fourier transform were shown in 
Figure 4.9 and in Figure 4.10 and the curve-fitting results were listed in Table 4.3. For MIL125, the 
mean R values for Ti–O and Ti(–O–)Ti pairs were estimated by CF analyses of Ti K-edge EXAFS 
(Figure 4.10a and Table 4.3a, a’) to be 0.187 and 0.305 nm. These values were close to the values 
based on X-ray crystallography (0.195 and 0.315 nm, respectively) [18]. Ti K-edge EXAFS peaks for 
Cu/MIL125-S-1/2 resembled that of MIL125 (Figure 4.10b, a). The N value for the Ti(–O–)Ti pair at 
0.270 nm remained at 0.4, while the N value for the Ti(–O–)Ti pair at 0.314 nm increased from 1.6 to 
2.2 (Table 4.3b, a) probably due to the local distortion of the framework. Thus, the framework of 
MIL125 was basically retained in Cu/MIL125-S-1/2. From Cu K-edge EXAFS CF analysis, 
formation of mean 1.7-nm metallic Cu nanoparticles was suggested on the basis of the N value of a 
Cu–Cu interatomic pair (9.1) [36] after solid-state mixing and heating at 473 K in H2 (Figure 4.9f). 
By calcination at 573 K, the peaks due to Cu–O pair at 0.16 nm and Cu(–O–)Cu pair at 0.26 nm 
appeared in the spectrum for Cu/MIL125-S-1/2 (Figure 4.10d) instead of the peak due to Cu–Cu pair,
indicating the predominance of Cu(II) state. The very low N value (2.2) for Cu(–O–)Cu interatomic 
pairs obtained from Cu K-edge EXAFS (Figure 4.10d, Table 4.3d) compared to the N value for bulk 
CuO (10) would be due to stabilization of well-dispersed CuO nanoparticles in/on MIL125.
In the Ti K-edge EXAFS spectra for Cu/MIL125-I-573-1/2, three peaks appeared at 0.152, 
0.254, and 0.335 nm (phase shift uncorrected; Figure 4.10c) were different from peaks for MIL125 
appeared at 0.125, 0.185, 0.229, and 0.286 nm (Figure 4.10a), and also different from peaks for
JRC-TIO7 (anatase; Figure 4.9a) appeared at 0.151. 0.269, and 0.337 nm and JRC-TIO6 appeared at 
1.49, 2.47, and 3.05 nm (rutile; Figure 4.9b). We ascribed first peak due to Ti–O pair, second peaks 
due to Ti(–O–)Ti pair, and third peak due to Ti(–O–)Cu. The curve-fit analyses gave the R values of 
0.1945, 0.2760, and 0.3797 nm with the associated N values of 5.2, 3.8 and 2.6, respectively (Table 
4.3). Peak due to Cu–O pair and due to Cu(–O–)Cu or Ti pair were confirmed in the Cu K-edge 
EXAFS spectra for Cu/MIL125-I-573-1/2 (Figure 4.9e). The curve-fitting results for these peaks 
109
provided that the R(Cu–O) values of 0.1950 nm with N(Cu–O) values of 3.6 and R[Cu(–O–)Cu]
values of 0.3100 nm with N[Cu(–O–)Cu] values of 2.8 (Table 4.3).
Cu K-edge EXAFS spectra for Cu/P25-I was similar to bulk CuO, indicating that CuO 
particles grew over P25 (Figure 4.9d), on the other hand the value of N[Cu(–O–)Cu] for 
Cu/JRC-TIO7-I was very low compared to bulk CuO (4.9, 10, repectively; Figure 4.9c), indicating 
formation of well-dispersed CuO nanoparticle over JRC-TIO7.
Figure 4.9. Ti K and Cu K-edge EXAFS -function (1) and its associated Fourier transform (2) for
JRC-TIO-7 (Ti K, a), JRC-TIO-6 (Ti K, b), Cu/JRC-TIO-7 (Cu K, c), and Cu/P25-I (Cu K, d).
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Figure 4.10. Ti K-edge (a–c) and Cu K-edge (d, e) EXAFS for MIL125 (a), Cu/MIL125-S-1/2 (b, d), 
and Cu/MIL125-I-573-1/2 (c, e). The k3-weighted EXAFS -function (1), its associated Fourier 
transform (3), and the best CF for Fourier-filtered data in k-space (2) and R-space (4).
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Table 4.2. Particle sizes of MIL125, compound 1, and CuO based on XRD peak width, *1 specific 
surface area, and CO PROX reaction performances in H2*2 using MIL125, Cu/MIL125, Cu/TiO2,
CuO/CeO2, and Au/TiO2
Catalyst
Cu 
wt%
*3
Mean crystalline size 
(nm)*2 SBET
(m2
g1)
Time
(h)*4
Rate 
const. k
(103
min1)
Conv
(%)*5
Selec
(%)*6
Cons
umed 
CO/O
2 ratio
MIL
125
Comp
ound 
1
CuO
a MIL125 – 94 – – 852 3 0.6 4.9 94 0.60
b Cu/MIL125-S-1/2 9.9 25 – – 349 3 3.5 42 98 1.85
c Cu/MIL125-I-553-1/2 15.7 – 85 – 157 3 0.7 11 100 0.63
d1 MIL125-I-573-0/1 68 – – 3 0.8 9.9 25 1.08
d2 Cu/MIL125-I-573-1/4 8.4 – 92 – 165 3 0.5 8.4 79 0.69
d3 Cu/MIL125-I-573-1/2 20.6 – 106 – 320 2 45 99 98 1.93
d4 Cu/MIL125-I-573-3/4 – 51 9.2 250 2 47 99 93 2.23
d5 Cu/MIL125-I-573-1/1 39.7 – 68 8.6 215 2 69 100 100 2.07
e1 Cu/MIL125-I-613-1/2 25.0 – 101 7.2 337 1 117 97 98 2.79
e2 Cu/MIL125-I-613-1/1 – – 13 185 2 50 100 100 4.41
f Cu/MIL125-I-633-1/2 37.4 – – 13.4 269 1 140 100 96 3.24
g Cu/MIL125-I-673-1/2 190 1 120 98 98 3.84
h Cu/P25-S – – 19 3 9.2 73 94 2.43
i Cu/P25-I – – 23 58 3 3.4 39 58 1.49
j Cu/JRC-TIO-6-I – – 37 3 0.3 3.8 53 –
k Cu/JRC-TIO-7-I – – < 4 3 0.9 14 80 1.00
l CuO/CeO2-573 2 30 95 93 0.91
m CuO/CeO2-923 1 85 98 90 1.47
n Au/TiO2*7 1 141 100 93 0.41
*1 Based on Scherrer equation (eq. 1) for MIL125 (011), Compound 1 (011), and CuO )111( +(002) 
reflection peaks.
*2 Initial gases: CO 3.7 mol, O2 4.5 mol, H2 370mol. Sample amount 50 mg. At 323 K. (Except 
for Au/TiO2.)
*3 Based on Cu K-edge intensity 
*4 Reaction period.
*5 ([CO]0 min  [CO])/[CO]0 min × 100.
*6 [CO2]/([CO2] + [H2O]) × 100.
*7 Initial gases: CO 3.7 mol, O2 9.0 mol, H2 370mol. Sample amount 10 mg. At 293 K.
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Table 4.3. Best-fit results of Ti and Cu K-edge EXAFS analyses for MIL125 and CuO supported 
on/in MIL125 and TiO2*1
*1 The values in parenthesis are fit errors.
Ti–O Ti(–O–)Ti Ti(–O–)Cu Cu–O Cu(–O–)M (M = 
Ti, Cu)
Catalyst N R(nm) N R(nm) N R(nm) N R(nm) N R(nm)
(a) MIL125 4.4
(±1.5)
0.175
(±0.00
3)
0.4
(±0.3)
0.271
(±0.00
1)
1.6
(±1.8)
0.2174
(±0.00
08)
1.6
(±0.3)
0.314
(±0.00
3)
(b, d) 
Cu/MIL125-S-1/
2
2.6
(±1.2)
0.169
(±0.00
3)
0.4
(±0.9)
0.270
(±0.02
)
3.2
(±0.6)
0.1956
(±0.00
08)
2.2
(±0.6)
0.307
(±0.00
3)
2.4
(±0.6)
0.192
(±0.00
4)
2.2
(±0.6)
0.314
(±0.00
3)
0.9
(±0.3)
0.220
(±0.00
2)
(c, e) 
Cu/MIL125-I-57
3-1/2
5.2
(±1.2)
0.1945
(±0.00
04)
3.8
(±0.3)
0.276
(±0.00
2)
2.6
(±0.6)
0.3797
(±0.00
08)
3.6
(±0.6)
0.195
(±0.00
1)
2.8
(±2.2)
0.310
(±0.00
6)
(f) Cu/P25-I 3.2
(±1.5)
0.196
(±0.00
2)
9.2
(±1.2)
0.303
(±0.00
8)
(g) 
Cu/JRC-TIO-7-I
3.1
(±0.6)
0.194
(±0.00
1)
4.9
(±2.7)
0.308
(±0.00
4)
(a’) MIL125
(X-ray 
crystallography)3
2 0.1894 1 0.2761
1 0.1941 1 0.3543
3 0.1982
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4.3.4. CO-PROX performance
We performed three CO PROX tests under the same conditions and the data (rate constant k,
conversion, and selectivity) variation was within 5%. The data for all the catalysts were nicely fit to 
equation 4.3, suggesting stability of these catalysts (Figure 4.11). Using MIL125 for CO-PROX 
reaction in the presence of H2 in 3 h, only 4.9% of CO was removed and the removal rate constant k
was 0.0006 min1 (Figure 4.11a, Table 4.2a). In the case of Cu/MIL125-S-1/2, the CO conversion
was improved by factor of 5.8 and the k value was 0.0035 min1, and their selectivity was excellent:
98% (Table 4.2b).
Ideally, the 100% selectivity means that the ratio of consumed CO and O2 is 2 (eq 4.4), but 
the ratio decreases if by-reaction (eq. 4.5) and/or noncatalytic steps e.g. adsorption of the reactants 
and productions proceeds. The CO/O2 ratio for Cu/MIL125-S-1/2 was 1.85, supporting good PROX 
selectivity.
2CO + O2 ? 2CO2 ???eq. 4.4
2H2 + O2 ? 2H2O ???eq. 4.5
For the Cu/MIL125-I-573-1/2, the k value progressively increased from 0.0007 to 0.045
min1 (Figure 4.11b, Table 4.2d3). The dependence of k value on Cu/Ti atomic ratio (0/1–1/1) was
investigated for Cu/MIL125-I-573 series to optimize catalytic activity (Table 4.2d1–5). The k values 
increased by Cu/Ti ratio increased. Their selectivities and CO/O2 ratio were excellent (93–100% and 
1.93–2.22, respectively) except for Cu/MIL125-I-573-1/4 and MIL125-I-573-0/1 whose actities were 
very low.
Cu/MIL125-I-573-1/1 (0.069 min1) > Cu/MIL125-I-573-3/4 (0.047 min1) > Cu/MIL125-I-573-1/2 
(0.045 min1) > MIL125-I-573-0/1 (0.0008 min1) > Cu/MIL125-I-573-1/4 (0.0005 min1)
Then, the dependence of k value on cacination temperature (553–673 K) was investigated 
for Cu/MIL125-I-1/2 series (Table 4.2c–g). The activity boosted by calcinations up to 633 K, and 
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then the k value dropped down at 673 K. Their selectivities were also excellent (96–100%), however 
CO/O2 ratio surpassed the ideal numeber (2) when calcinations temperature rised above 613 K. This 
would be due to preferable pre-adsorption of atomospheric O2 on catalyst even though 2-h
evacuation was performed as pre-treatment before catalytic tests.
Cu/MIL125-I-633-1/2 (0.140 min1) > Cu/MIL125-673-1/2 (0.120 min1) > Cu/MIL125-I-613-1/2 
(0.117 min1) > Cu/MIL125-I-573-1/2 (0.045 min1) > Cu/MIL125-I-553-1/2 (0.0007 min1)
Cu/Ti ratio was also increased to 1/1 in case of Cu/MIL125-I-613 (Figure 4.11f, Table 
4.2e2), however the k value decreased to 0.050 min1 compared to Cu/MIL125-I-613-1/2 (Figure 
4.11e, Table 4.2e1).
Using one of the reference TiO2’s (Cu/P25-I), the k value was 0.0034 min1 similar to that 
using Cu/MIL125-S-1/2 and the selectivity was quite poor (58%) (Figure 4.11g, Table 4.2i). In 
contrast, the k value for Cu/P25 -S was improved to be by 2.7 times greater (0.0092 min1) than that 
for Cu/P25-I (Table 4.2h). Both JRC-TIO6 (rutile) and JRC-TIO7 (anatase) were not suitable as 
support of CuO for CO PROX reaction; Cu/JRC-TIO6-I and Cu/JRC-TIO7-I was least active (k =
0.0003, 0.0009 min1) (Table 4.2j, k).
CuO/CeO2 and Au/TiO2 were used as conventional catalysts for CO PROX. The k value for 
CuO/CeO2-923 and CuO/CeO2-573 were 0.085 min1 and 0.030 min1, respectively (Figure 4.11h,
Table 4.2l, m). Au/TiO2 showed the highest k value (0.141 min1) even though the more severe
reaction conditions (10 mg of catalyst, 293 K; Table 4.2n). Their selectivity was relatively low
(90–93%), and CO/O2 ratio was quite low from two (0.41–1.47), indicating excess O2 consumption 
due to by-reaction of H2 oxidation and/or O2 adsorption over the catalysts. In addition, formed CO2
seemed to adsorb preferably on CuO/CeO2-973 and the yield of desorbed CO2 was quite low 
compared to decrease of CO gas (Figure 4.11h).
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Figure 4.11. Time course of PROX tests in CO (63 Pa) + O2 (76 Pa) + H2 (6.3 kPa) using 
Cu/MIL125-S-1/2 (a), Cu/MIL125-I-573-1/2 (b), Cu/MIL125-I-573-3/4 (c), Cu/MIL125-I-573-1/1 
(d), Cu/MIL125-I-613-1/2 (e), Cu/MIL125-I-613-1/1 (f), Cu/P25-I (g), and CuO/CeO2-923 (h). 
Catalyst amount 50 mg, temperature 323 K.
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Durability tests of catalyst activity were performed in 4–6 cycles of CO PROX reactions 
using Cu/MIL125-I-573-1/2 and Cu/MIL125-I-613-1/2. Cu/MIL125-613-1/2 showed stable 
performance in 6 cycles (0.044–0.051 min1), whereas the activity gradually decreased from 0.0048
min1 to 0.0020 min1 in case of Cu/MIL125-573-1/2.
Figure 4.12. Durability test of CO PROX in CO (63 Pa) + O2 (76 Pa) + H2 (6.3 kPa) using 
Cu/MIL125-I-613-1/2 (A) and Cu/MIL125-I-613-1/2 (B). Catalyst amount 20 mg, temperature 323 
K. The gases were removed in vacuum from the reactor after each cycle before introducing new 
gases.
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The effects of CO2 and/or moisture, that are plausible impurity gases for CO PROX prior to 
hydrogen supply to fuel cells, on the PROX activity using Cu/MIL125-I-573-1/2 were also checked. 
19 mol of CO2 and 19 mol of moisture mixed to reaction gas reduced the rate constant to 38% and 
44% (Table 4.4b, c), respectively, of that free from CO2 and moisture (Table 4.4a). Moreover, if both 
19 mol of CO2 and 19 mol of moisture mixed, the rate constant further reduced to 24% of that free 
from CO2 and moisture (Table 4.4d).
Table 4.4. Comparisons of CO PROX reaction performances in H2*1 at 323 K using 
Cu/MIL125-I-573-1/2 in the presence/absence of CO2 and/or H2O.
Entry Catalyst
CO 
(mol)
O2
(mol)
H2
(mol)
CO2
(mol)
H2O
(mol)
Time
(h)*2
Rate 
const. 
k (103
min1)
Conv. 
(%)
Selec. 
(%)
a
Cu/MIL125-
I-573-1/2
3.7 4.5 370 2 45 99 98
b 3.7 4.5 370 19 2 17 80 97
c 3.7 4.5 370 19 2 20 86
d 3.7 4.5 370 19 19 2 11 63
*1 Initial gases: CO 3.7 mol, O2 4.5 mol, H2 370 mol. At 323 K.
*2 Reaction period.
Finally, in comparison to lower-pressure CO PROX tests (CO 0.063 kPa, O2 0.076 kPa, H2
6.3 kPa; Table 4.2 and Figure 4.11), relatively high-pressure CO PROX tests (CO 0.51 kPa, O2 0.51 
kPa, H2 50.1 kPa) were also performed using a flow reaction system at the same reaction temperature 
(323 K; Figure 4.13). The amount of catalyst was increased from 50 mg to 100 mg. Using 
Cu/MIL-125-I-613-1/2, the best catalyst among Cu/MIL125 catalysts in the points of catalytic 
performance in lower-pressure tests (Table 4.2) and higher crystallinity confirmed in XRD (Figure 
4.4), CO oxidation rate became stabilized at 3 h from the start of reaction (Figure 4.13A1) and the 
conversion to CO2 was stabilized at 67–76% at 3–24 h (Figure 4.13A2). Water was detected until 4 h 
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from the start of reaction, but the amount was negligible at 4–24 h (Figure 4.13A1). Accordingly, CO 
PROX selectivity was 98–99% at 4–24 h (Figure 4.13A2) in consistent with 98% for lower-pressure 
test for the catalyst (Table 4.2e1).
In contrast, using CuO/CeO2-923 (Figure 4.11h, Table 4.2m), CO oxidation rate increased 
proportionally until 4 h from the start of the test and gradually increase continued for 24 h (Figure
4.13B1). Correspondingly, the conversion to CO2 gradually increased from 16% (@4h) to 28% (@24 
h; Figure 4.13B2). Conversely, the CO PROX selectivity was stabilized at 93–96% at 4–24 h (Figure
4.13B2) nearly in consistent with 90% for lower-pressure test for the catalyst (Table 4.2m).
In summary, under the reaction conditions of Figure 4.13, the conversion to CO2 using 
Cu/MIL-125-I-613-1/2 was higher by 4.3–2.7 times than that using CuO/CeO2-923, demonstrating 
practical importance of binary metal (Ti, Cu) MIL125-derived catalyst.
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Figure 4.13. (A) Time course of PROX tests in CO (0.5%) + O2 (0.5%) + H2 (49.5%) + N2 (49.5%) 
at a flow rate of 20 mL min1 using Cu/MIL125-I-613-1/2 (A) and CuO/CeO2-923 (B). Catalyst 
amount 100 mg, temperature 323 K. (1) The amounts of CO2, CO, and H2O in exit gas (40 mL) and 
(2) the conversion to CO2 = 100 × [CO2]exit gas/[CO]feed gas (9-)<*8&')@$/$AB
100 × [CO2]exit gas/([CO2]exit gas + [H2O]exit gas) (C-$&%8.
  120 
4.4. Discussion
4.4.1. Cu/MIL125 synthesized via solid-state method
XRD pattern and Ti K-edge XAFS for Cu/MIL125-S-1/2 (Figure 4.4b, 4.8D-b, and 4.10b) 
were essentially same to those for MIL125 (Figure 4.4a, 4.8D-a, and 4.9a), supporting that MIL125 
framework was retained after Cu insertion to MIL125 by solid-state method and subsequent 
calcinations at 573 K.
From Cu K-edge EXAFS CF analysis, formation of mean 1.7-nm metallic Cu nanoparticles 
was suggested on the basis of the N value of a Cu–Cu interatomic pair (9.1) [36] after solid-state 
mixing and heating at 473 K in H2. Due to the high Cu content (13.5 wt %) in the sample, the Cu0
nanoparticles should ideally occur in the pores of MIL125.
Moreover well-dispersed CuO nanoparticles was confirmed for Cu/MIL125-S-1/2 on the 
basis of the N value (2.2) for Cu(–O–)Cu interatomic pairs (Figure 4.10d, Table 4.3d), while 5.9-nm 
mean size CuO particles were observed in HR-TEM attached to the MIL125 crystallines’ external 
surfaces (Figure 4.7B), however, the number was very few and corresponded to approximately 8 
atomic %. Residual 92% of CuO was considered to be too small to detect by TEM measurement. 
Thereby, the mean size of Cu oxides formed by calcination at 573 K in Cu/MIL125-S-1/2 would be 
1.7 nm as same as Cu metal formed before calcination at 573 K (Scheme 4.2A). The 1.7-nm CuO 
particles were not detected by XRD above the detection limit.
The SBET value and mean crystalline size based on eq. 4.1 consistently decreased from 852 
m2 g1 and 94 nm for MIL125 to 349 m2 g1 and 25 nm for Cu/MIL125-S-1/2 (Table 4.2a, b). The 
SBET and mean crystalline size for MIL125 were in consistent with reference 18. MIL125 is 
ultimately dispersed and all the constituent atoms are in contact with the nanopores (Figure 4.1). 
Thus, contribution of the external surface area should be small and smaller mean crystalline size (25 
nm) does not necessarily correspond to higher SBET value (349 m2 g1) for Cu/MIL125-S-1/2. One of 
the major reasons of SBET decrease was that the nanopores of MIL125 were blocked by Cu species 
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(Scheme 4.2). Furthermore, partial decomposition of MIL125 to less nanoporous structure was also 
possible for Cu/MIL125-S-1/2 as the mean size for metallic Cu was almost the upper limit of the 
pore space of MIL125 (1.3 nm).
4.4.2. Cu/MIL125 synthesized via impregnation method
The framework structure for Cu/MIL125-I-573-1/2 was altered from that of MIL125 (a =
1.86 nm; c = 1.81 nm) to that of Compound 1 (a = 1.936 nm and c = 1.277 nm). This assumption that
tetragonal body-centered structure was retained after impregnation, was supported based on the 
theoretical XRD pattern using Diamond version 3.2 (Figure 4.4A-g) [37] and Rietveld analysis using 
TOPAS 4.2 (Figure 4.4C). Three repetitions of perpendicular 110 and 1 0 planes were also observed 
with intervals of 1.37 × 3 nm (a = 1.936 nm) in the HR-TEM images for Cu/MIL125-I-573-1/2
(Figure 4.7C).
From FTIR spectra for Cu/MIL125-I-1/2 (Figure 4.5), decomposition of terephthalate up to
one-third compared with pristine MIL125 was confirmed in Cu/MIL125 catalysts, in which XRD 
patterns formation of Compound 1 was clearly obserbed. For determining the crystal structure of 
Cu/MIL125-I, the compressed c length by a factor of 0.71 needs to be explained compared as with 
MIL125, while the a length remained constant (1.04 times). We concluded that one-third of 
terephthalates in the ab-plane for MIL125 [Ti8O8(OH)4·(bdc)6] remained for Cu/MIL125-I-613-1/2
whereas those connecting [Ti8O8(OH)4]12+ clusters in neighboring [Ti8O8(OH)4·(bdc)2]8+ sheets were 
replaced by shorter [Cux(OH)2x+2(OH2)y]2 (x = 2, 3, or 4) linkers (Scheme 4.3). In this model, the 
nearest interatomic distance between Ti atoms in neighboring [Ti8O8(OH)4·(bdc)2]8+ sheets was 
0.874 nm calculated from equation 4.6 .
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in which r is the distance between the center of Ti8 octagon and the middle point of two neighboring 
Ti atoms.
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Based on the Cu–O and Ti–O interatomic distances determined by EXAFS for 
Cu/MIL125-I-573-1/2 (both 0.195 nm; Table 4.3c, e) and assuming complete Td, or D4h coordination 
around Cu, three plausible Cu linker models were drawn (Scheme 4.3).
The first model is [Cu2(OH)6]2, in which the Cu sites are Td coordinated (Scheme 4.3A). 
The second and third are [Cu2(OH)6(OH2)4]2 and [Cu4(OH)10(OH2)6]2, in which the Cu sites are D4h
coordinated (Scheme 4.3B and C, respectively). The Cu 1s-3d pre-edge peak intensity in Cu K-edge 
XANES reflected the symmetry of Cu sites [40]. A decrease of symmetry at the Cu sites was 
confirmed Cu/MIL125-I-573-1/2 and Cu/MIL125-I-613-1/2 compared to CuO (quasi-Oh Cu sites),
Cu/P25-I, and Cu/MIL125-S-1/2 (Figure 4.8B). This trend was consistent with linker models A’ and 
B’ (Td and D4h Cu site, respectively; Scheme 4.3).
In models A, B, and C, the nearest distances between Ti atoms in the neighboring 
[Ti8O8(OH)4(bdc)2]8+ sheets (green bar length in Scheme 4.2B) were calculated as 0.838, 0.936, and 
1.100 nm, respectively (Scheme 4.3). Thus, model C was rejected as the linker in comparison to the 
experimental value: 0.874 nm. If the O–Cu–O angles for central Cu2O2 core in model A were slightly 
distorted from 109.5° (Td) to 96.1° (model A’, Scheme 4.3) or if the dihedral angle of two CuO4
planes (D4h) was distorted from 180° to 132° (model B’), the Cu linker length L became 0.874 nm
(eq. 4.6), in agreement with XRD.
Based on the Ti K-edge EXAFS CF analyses for Cu/MIL125-I-573-1/2 (Table 4.3c and 
Figure 4.10c), the Ti(–O–)Ti interatomic distance changed from 0.305 nm (mean) for MIL125 (Table 
4.3a) to 0.276 nm. Its associated N value increased from 2.0 to 3.8. In addition, a new farther peak 
appeared at 0.33 nm (phase shift uncorrected; Figure 4.9c), that can be ascribed to a Ti(–O–)Cu 
interatomic pair fitted with the R value 0.380 nm and N value 2.6 (Table 4.3c), strongly suggesting 
that new Ti(–O–)Cu interatomic links formed around the [Ti8O8(OH)4]12+ clusters. The N value was 
consistent with models A’ or B’ for Cu/MIL125-I (Scheme 4.3) within variation of ±0.6 (Table 4.3c), 
because the models assumed that two-thirds of terephthalates coordinated to the Ti atoms in MIL125 
were replaced by [Cu2(OH)6]2 linkers; thus, the N[Ti(–O–)Cu] value was two. The distance (0.380 
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nm; Table 4.3c) was in agreement with the Ti···Cu interatomic distance in model B’ (0.373 nm; 
Scheme 4.3) rather than 0.355 nm in model A’. The formula for Compound 1 would be 
Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 for Cu/MIL125-I-613-1/2. Model B’ in Scheme 4.3 is also drawn in 
Scheme 4.2B’.
The connection between [Cu2(OH)6]2 linkers and [Ti8O8(OH)4]12+ clusters was investigated 
by Cu K-edge EXAFS. The N value for Cu–O pairs (3.6; Table 4.3e and Figure 4.10e) supported the 
coordination of four O atoms both in models A’ and B’ (Scheme 4.3) within the variation of ±0.6 
(Table 4.3e). The N value for Cu(–O–)M (M = Cu or Ti) was shown to be 2.8 (Table 4.3e), consistent 
with coordination to one Cu and two Ti (Scheme 4.3A’, B’). The interatomic distance for Cu(–O–)M
(0.310 nm; Table 4.3e) was consistent with model A’: × 0.355 + × 0.261 = 0.324 nm and model 
B’: × 0.373 + × 0.259 = 0.335 nm.
The theoretical XRD pattern (Figure 4.4A-g, C-h) calculated for model B’ (Scheme 4.2) was 
similar to experimental one (Figure 4.4A-d3), as discussed above. The theoretical Ti and Cu K-edge 
X-ray absorption near-edge structure (XANES) pattern generated using ab initio multiple scattering 
calculation code, FEFF8.4 [39] and the greater Cu 1s-3d pre-edge peak intensity [40] directly 
supported model B’ as linkers for Cu/MIL125-I. However, model A’ may be also acceptable (Figure
4.8B, C).
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Scheme 4.2. Proposed structure for Cu/MIL125-S (A) and Cu/MIL125-I (B: side and top views), in 
which gray sticks/circles indicate [Ti8O8(OH)4]12+ clusters, dashed lines indicate terephthalates, and 
green lines/wedges indicate [Cu2(OH)6(OH2)n]2 (n = 0–4) linkers. The Model B’ is based on Model 
B’ in Scheme 4.3. Hydrogen atoms are abbreviated for clarity.
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Scheme 4.3. Plausible Cu hydroxide linker models. The Cu–O and Ti–O interatomic distances were 
fixed at 0.195 nm based on EXAFS. (A, A’, B’) [Cu2(OH)6]2, (B) [Cu2(OH)6(OH2)4]2, and (C) 
[Cu4(OH)10(OH2)6]2. The Cu site symmetry was Td (A, A’), planar (B’), and Oh (B, C).
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The Compound 1 was more stable when the atomic ratio of Cu/Ti was 1/2 based on XRD 
peak intensity and SBET value (Figure 4.4A-d2–d5, Table 4.2d2–d5). In contrast, the Cu/Ti ratio is 
one in the formula for Compound 1: Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4. This discrepancy was 
suggested in the main article as the N value for Ti(–O–)Ti (3.8) at 0.276 nm for 
Cu/MIL125-I-573-1/2 based on Ti K-edge EXAFS (Table 4.3c), significantly greater than the 
theoretical value (two) for the [Ti8O8(OH)4]12+ ring. Thus, approximately half of Ti atoms would 
form amorphous Ti8O8(OH)12·(bdc)2 or TiO2 phase (N ~ 6) and the other half of Ti atoms formed 
Compound 1 (N = 2; eq. 4.8), resulting in a mean N value of in accordance with the 
experimental value (3.8) taking variation (±0.3) into account (Table 4.3c). The amorphous Ti species 
was also confirmed when Compound 1 was completely decomposed by higher calcination
temperature above 633 K (Figure 4.4A, B).
4.4.3. CO PROX tests
Introducing Cu species in MIL125 by the impregnation method improved the activity by a 
factor of 200 to 0.117 min1 (Cu/MIL125-I-613-1/2; Table 4.2e1 and Figure 4.11e). The performance 
was owing to the formation of Compound 1 and maximal SBET value (Table 4.2e1) due to desorption
of extra terephthalates (eq. 4.8). This value was superior to 0.085 and 0.030 min1 using 
CuO/CeO2-923 and CuO/CeO2-573, respectively (Table 4.2m, l and Figure 4.11h) and comparable to 
0.141 min1 using Au/TiO2 (Table 4.2n) if the difference in reaction conditions (50 versus 10 mg of 
catalyst, 323 versus 293 K, respectively) was not considered.
The effects of Cu/Ti ratio on catalytic activity were investigated for Cu/MIL125-I-573 
(Table 4.2d2–d5). The order of the k values as follows:
0.069 min1 (Cu/Ti = 1/1) > 0.047 min1 (Cu/Ti = 3/4) > 0.045 min1 (Cu/Ti = 1/2) > 0.0005 min1
(Cu/Ti = 1/4)
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The k value increased when Cu/Ti ratio increased from 1/4 to 1/1. Cu was regarded as active 
species in CO PROX reaction using Cu/MIL125. In this point, the k values normalized by Cu 
amount evaluated from Cu K-edge XANES (Table 4.2, Figure 4.8A) were compared. Figure 4.14 
showed the correlation between Cu weight, SBET, and CO PROX activity. Concerning Cu weight, the 
most active was Cu/MIL125-I-573-1/2. In addition, SBET for Cu/MIL125-I-573-1/2 was highest in 
Cu/MIL125-I-573’s.
Figure 4.14. Correlation between Cu amounts, the rate constants per Cu amount, and specific surface 
areas for Cu/MIL125-I-573.
The effects of calcination temperature were investigated for Cu/MIL125-I-1/2 (Table 4.2c–f).
The most active catalyst was Cu/MIL125-I-633-1/2, however the structure of Conpound 1 was 
completelt decomposed by calcination above 633 K (Figure 4.4A-f) and Cu weight gradually 
increased by rising temperature (Table 4.2c–f). Considering k value per Cu amount, the most active 
was considered to be Cu/MIL125-I-613-1/2 (Figure 4.15). In addition, SBET for 
Cu/MIL125-I-613-1/2 was also highest in Cu/MIL125-I-1/2’s.
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Figure 4.15. Correlation between calcinations temperature, the rate constants per Cu amount, and 
specific surface areas for Cu/MIL125-I-1/2.
From the results depicted in Figure 4.14 and Figure 4.15, specific surface area was 
apparently critical to CO PROX activity using Cu/MIL125-I. The decrease of SBET by calcination at 
higher temperature (>633 K) and by introducing high amount of Cu (Cu/Ti = 1/1) in MIL125 was 
due to decomposition Compound 1 and decrease of nano/mesopore by growth of CuO particles 
(Figure 4.4B-d5, e2, f, g, Table 4.2d5, e2, f, g). In these conditions, Cu/MIL125 was considered to 
change into amorphous phase based on XRD patterns (Figure 4.4A). In such amourphous phase, 
Cu-Ti nanocomposite similar to Compound 1 (Scheme 4.2) was supposed to be still remained due to 
relatively higher SBET ( >185 m2 g1) compared to Cu/P25-I (58 m2 g1; Table 4.2i), therefore these 
catalysts showed higher k value even though Compound 1 was decomposed. In contrast, SBET and 
activity was also dropped down in case of lower calcinations temperature (<553 K; Table 4.2c) and 
lower Cu/Ti ratio (Cu/Ti = 1/4; Table 4.2d2), although Compound 1 with high crystallinity was 
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clearly formed under these conditions (Figure 4.4A-c, d2). From FTIR spectra, one third of 
terephthalate was remained in Cu/MIL125-I-613-1/2 (Figure 4.5d). This value was consistent with 
Compound 1. However, excess terephthalate was confirmed below 573-K calcinations, especially 
two third of terephthalate was remained in Cu/MIL125-553-1/2 (Figure 4.5b). It was supposed that 
the excess terephthalate filled nanopore of Compound 1 and blocked Cu site, thereby SBET and 
activity decreased. In summary, the specific surface area for Cu/MIL125-I samples depended on 
major two factors, (1) the decrease of nano/mesopores of MIL125 (eq. 4.7) and (2) the creation of 
Compound 1 by desorption of terephthalate as the temperature rose (eq. 4.8). Due to the competing 
two factors, the SBET values did not change monotonously as a function of heating temperature 
(Figure 4.14, 4.15).
As the result, Cu/MIL125-I-613-1/2 was the most preferable catalyst in view of catalytic 
activity and crystallinity of Compound 1. Based on calcination at 613 K and 1/2 of Cu/Ti ratio, we
consider the formation reactions for Compound 1 as follows.
Ti8O8(OH)4·(bdc)6 + 4Cu2+
!$8O8(OH)4·(bdc)2 layer + 4Cu(bdc)   (aq., 290 K) ??? eq. 4.7
>;!$8O8(OH)4·(bdc)2·[Cu2(OH)6]4 + 0.5Ti8O8(OH)12·(bdc)2 (air, 613 K) ???eq. 4.8
Thus, Cu(bdc) remaining until the heating at 613 K was inactive for the CO PROX reaction 
and Compound 1 should be the active species. The terephthalates coordinated to Cu2+ ions 
progressively desorbed as the temperature rise (Figure 4.5), and resultant Cu hydroxides would link 
[Ti8O8(OH)4]12+ clusters as in Scheme 4.2. The k value was higher for Cu/MIL125-I-613-1/2 (0.117 
min1; Table 4.2e1 and Figure 4.11e) compared to the k value for Cu/MIL125-I-573-1/2 (0.045 
min1; Table 4.2d3 and Figure 4.11b), heating effect to remove Cu(bdc) on the activity was apparent.
The structure of Compound 1 was stable in CO PROX using Cu/MIL125-I-573-1/2 and 
Cu/MIL125-I-613-1/2 (Figure 4.6). On the other hand, the activity of Cu/MIL125-I-573-1/2 in 4 
cycles of CO PROX tests gradually decreased to 42% while stable performance in 6 cycles was 
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confirmed in case of Cu/MIL125-I-613-1/2 (Figure 4.12). Extra terephthalate influenced to the 
formation and stability of the active Cu sites rather than crystallinity of Compound 1.
When the atomic ratio of Cu/Ti was 1, the initial reaction in aqueous solution for the catalyst
synthesis should be
Ti8O8(OH)4·(bdc)6 + 8Cu2+
!$8O8(OH)4·(bdc)2 layer + 4Cu(bdc) + 4Cu2+ (aq., 290 K) ???eq. 4.9
Thus, extra Cu2+ ions more than the Cu/Ti ratio of 1/2 wound not be in close contact with Ti 
and/or bdc species and thus did not increase the crystallinity of Compound 1 (Figure 4.4A-d4, d5, 
e2). The k value decreased for Cu/MIL125-I-613-1/1 as compared to Cu/MIL125-I-613-1/2 (Table 
4.2e2, i and Figure 4.11e, f). The active sites at the boundary between [Cu2(OH)6]2 and 
[Ti8O8(OH)4]12+ (Scheme 4.2) formed via eq. 4.8 would be partially decomposed by heating for 
Cu/MIL125-I-613-1/1 because the XRD peaks due to Compound 1 almost disappeared (Figure
4.4A-e2). Compound 1 was favorably formed for Cu/MIL125-I-1/2 (Figure 4.4A-c, d3, e1) rather 
than Cu/MIL125-I-1/1 (d5,e2) probably because extra amorphous phase, e.g. Ti8O8(OH)12·(bdc)2 or
TiO2, stabilized Compound 1.
The mass was nicely balanced for the reaction 2CO + O2 2 for Cu/MIL125-S-1/2, 
Cu/MIL125-I, and Cu/P25-I (Figure 4.11a, b, c, e, g and Figure 4.12, Table 4.2) whereas Comsumed 
CO/O2 ratio was smaller than the stoichiometry for CuO/CeO2-573, CuO/CeO2-923, and Au/TiO2
(Figure 4.11h, Table 4.2l, m, n) and CO/O2 ratio was greater than the stoichiometry for 
Cu/MIL125-I-613-1/1, Cu/MIL125-I-633-1/2, and Cu/MIL125-I-673-1/2 (Figure 4.11f, Table 4.2e2, 
f, g). We suspect that extra adsorption of O2 or the consumption of surface O species occurred for the 
catalysts. CO2 formation was smaller than decrease of CO for CuO/CeO2-923 (Figure 4.11h) because 
CeO2 should adsorb significantly CO and O2 especially at the initial stage of reaction test. Preferable 
adsorption of CO on CuI sites [41, 42] and CuO nanoclusters [43] for CuO/CeO2 catalysts and the 
adsorption of O2 on defect sites of CeO2 were reported [44, 45].
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Concerning practicle use for PEFC (Figure 1.1) where CO2 and H2O included in H2 gas 
obtained via reforming and water gas shift reactions (Scheme 1.1), the performance of
Cu/MIL125-I-573-1/2 under CO PROX using mixed gas including H2, CO, O2, and CO2 and/or 
moisture was investigated (Table 4.4). The rate constant reduced to 24–44% of that free from CO2
and moisture. The trend suggested these polar molecules would block a part of the Cu linker sites for 
CO activation (Scheme 4.2).
The activity of Cu/MIL125-S-1/2 was 7.8% of Cu/MIL125-I-573-1/2 (Table 4.2b and 
Figure 4.11a). For Cu/MIL125-S-1/2, direct links between Cu sites of mean 1.7-nm CuO 
nanoparticles and [Ti8O8(OH)4]12+ clusters were not detected by EXAFS (Figure 4.10b, d; Table 4.3b, 
d). Various reference Cu/TiO2 catalysts tested by varying the catalyst preparation (solid state 
embedding/impregnation) and crystalline phase of TiO2 (anatase and/or rutile) showed small k
values: 0.0003–0.0092 min1 (Table 4.2h–k and Figure 4.11g).
For CO oxidation using Cu/TiO2 catalysts, CO is proposed to adsorb on smaller CuO, while 
O2 preferably dissociates on rutile-type TiO2 [21]. The relatively greater k value (0.0092 min1) using 
Cu/P25-S, in which TiO2 is 80% of the anatase phase and 20% of the rutile phase [25], would result 
from relatively smaller CuO (mean 19 nm; Table 2j) on the anatase for CO adsorption and effective 
contact of the smaller CuO with rutile for O2 dissociation. Atomically dispersed [Cu2(OH)6]2 should 
be advantageous for CO adsorption and [Ti8O8(OH)4]12+ would be more effective than rutile TiO2 for
O2 dissociation using Compound 1 (Scheme 4.4).
Cu/MIL125-I-613-1/2 was superior conventional catalysts for CO PROX (CuO/CeO2-923)
by factor of 1.4 (Table 4.2e2, m, l and Figure 4.11e, h) under closed-circulating system (Figure 4.2).
Under the reaction conditions of flow system (Figure 4.3) as a practical system used for PEFC, the 
conversion to CO2 using Cu/MIL-125-I-613-1/2 was higher by 4.3–2.7 times than that using 
CuO/CeO2-923, demonstrating practical importance of binary metal (Ti, Cu) MIL125-derived 
catalyst.
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The binary MOF Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 synthesized in this study is a crystalline 
model of active site at the metal–support interface, and can pave the way for various binary MOF 
model catalysts of Zr, Al, and Ti clusters linked by V, Fe, Co, Ni, Cu, Ru, Rh, Ag, Pt, and Au
(hydro)oxides.
Scheme 4.4. Proposed reaction sites for CO PROX reaction using Cu/MIL125-I catalysts.
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4.4. Conclusions
Solid-state embedding of Cu(II) and Cu(II) impregnation with MIL125 [Ti8O8(OH)4·(bdc)6]
were investigated in this study as the interface model of Cu sites on TiO2. Mean 1.7-nm CuO 
nanoparticles were formed embedded inside the pores of MIL125 via solid-state embedding. No 
Cu···Ti interatomic pair was detected by EXAFS, demonstrating no direct links between Cu sites and 
[Ti8O8(OH)4]12+ clusters. The sample was inert for CO PROX reaction in predominant H2 (k =
0.0035 min1 in CO 63 Pa + O2 76 Pa at 323 K) due to the lack of interface sites. In clear contrast, 
Cu(II)-impregnated samples did not retain the framework of MIL125, but transformed to new 
tetragonal binary MOF, Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 (a = 1.936 nm, c = 1.277 nm), based on 
XRD. The direct links between Cu sites and [Ti8O8(OH)4]12+ clusters were demonstrated by the 
appearance of Ti(–O–)Cu peak at 0.380 nm and the increase of coordination number by one for 
Cu(–O–)M (M = Ti, Cu) peak by Ti and Cu K-edge EXAFS. Due to the direct links, the impregnated 
samples functioned far better in CO PROX reaction in predominant H2 (k = 0.117 min1) than 
reference Cu/TiO2 catalysts (k = 0.0003 – 0.0092 min1) and equivalent to CuO/CeO2-923 and 
Au/TiO2. Furthermore, in CO 0.51 kPa + O2 0.51 kPa at 323 K, the conversion to CO2 and the CO 
PROX selectivity using Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 (67–76% and 98–99%) were significantly 
higher than that using CuO/CeO2 (16–28% and 93–96%, respectively) for 24 h. Extra terephthalates 
(bdc) than the formula Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 blocked the active Cu sites below 613 K as 
sample pretreatment, whereas best atomic ratio of Cu/Ti was 1/2 for CO PROX activity presumably 
because extra TiIV species stabilized the catalytically active Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4
crystallines.
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Chapter 5. Summary 
Preferential oxidation of CO in excess H2 gas was performed using Cu ions adsorbed nano 
ZnO photocatalysts and a new class of MOF catalysts composed of Ti8O8(OH)4 clusters, Cu2(OH)6
linkers, and terephthalate linkers. Furthemore, their characteristic reaction mechanisms were 
proposed based on several spectroscopic methods and microscopic methods.
The spheroidal, rod-like, and disk-like ZnO with the sizes of 22 nm × 47 nm, 80 nm × 443 
nm, and 1700 nm × 20 nm, respectively were used for photo-PROX reaction, and their activities 
were 0.0043 min1, 0.0001 min1, and 0.0060 min1, respectively. Rod-like ZnO was less active 
because the face on the side of rod-like ZnO i.e. ( ) was inactive in photo-PROX of CO.
The activities of spheroidal, rod-like, and disk-like ZnO were promoted by Cu ions to 
0.0249 min1, 0.0021 min1, and 0.0170 min1, respectively. When the initial pressures were 63 Pa of 
CO, 150 Pa of O2, and 6.3 kPa of H2, CO was decreased to 0.35 ppm in 5 h.
Based on XAFS, TEM, EDX, and FTIR measurements, the mechanism of photo-PROX 
using Cuspheroidal ZnO was proposed as follows: ?CO molecule was adsorbed on ZnO( )
and monodentate formate was formed by reaction of CO and surface hydroxy, ?the formate was 
photooxidized by hole from ZnO and then CO2 and H+ were formed, ?Cu ion on ZnO( 1110 ) was 
photoreduced and then the electron transferred to O2 molecule, ?the O2 photoreduced by two 
electrons reacted with the two H+ diffused from ( ) face and then two OH was formed, ?the 
OH diffused to ( ) and surface hydroxy was recovered.
Cu species was introduced to MIL125 [Ti8O8(OH)4·(bdc)6] by impregnation method. The 
structure of Cu/MIL125 was confirmed based on XRD, XAFS, and FTIR measurements as 
Ti8O8(OH)4·(bdc)2·[Cu2(OH)6]4 where Cu2(OH)6 interlinked Ti8O8(OH)4 clusters along to c-axis 
instead of terephthalate. The activity of Cu/MIL125 in CO PROX at 323 K was superior to 
conventional CuO/CeO2 catalysts in both case of closed circulating system and flow system, whereas 
Cu/MIL125 synthesized via solid-state method where 1.7 nm of CuO was dispersed in MIL125, was 
less active in CO PROX at 323 K. The formation and extraction of interface between Cu species and 
Ti species were critical to create active catalysts.
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To improve performance of catalyst, controlling structure of catalysts is essential. In this 
study, using even cheap metal-based (photo)catalysts including Cu, Ti, and Zn, high catalytic 
performance under CO PROX was achieved by choosing nanostructure of ZnO and by creating 
interface sites of CuO/TiO2, especially, Cu/MIL125 was considered as promising catalyst. However, 
the combination of metal species was limitted to Cu and Ti. Developing viarity of binary MOF is a 
key to create excellent catalysts.
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